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1. Introduction

The Internet of Things (IoT) implementation, such as, e.g., wire-
less sensors, actuators, and switches, requires autonomous

energy sources able to provide a long-term
off-grid power supply. Due to the large
amount of devices which are estimated to
be deployed,[1] power solutions, such as bat-
teries, may prove inconvenient in the long
term, as they require replacement and pro-
duce additional waste when replaced. The
required energy autonomy can be achieved
via the conjunction of an energy harvester
with an energy storage unit, in its most
simple form.[2] In the drive to miniaturiza-
tion, these components would also need to
be packed together with the consuming
device in the most compact way. At the
same time, the power unit should be
economically affordable with a low environ-
mental impact throughout its life cycle,
which poses additional challenges to its
design and fabrication.

Photovoltaic (PV) energy conversion is
considered as one of the most efficient
and sustainable methods for long-term
renewable energy production. Among dif-
ferent PV technologies, organic solar cells
(OSCs) are particularly interesting because

of their low cost,[3,4] lightweight, mechanical flexibility,[5] and roll-
to-roll fabrication.[6] Fueled by these appealing characteristics,
this field of research has experienced an increasing growth since
the first appearance of bulk-heterojunction solar cells with a
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The global trend toward automatization and miniaturization of smart devices has
triggered the development of reliable off-grid power sources with low economic
and environmental impact. Such autonomy can be provided when a photovoltaic
cell is integrated with an electrochemical double-layer capacitor in one monolithic
power pack. This work demonstrates a reliable and straightforward approach to
monolithically integrate high-performance organic solar cells with mesoporous
nitrogen-doped carbon nanosphere-based supercapacitors in a single device with
a three-electrode configuration. To assess the efficiency of the device, a novel
approach is presented that relies on the direct monitoring of both integrating
parts during illuminated and dark phases and accounts for possible losses. The
evaluation with the standard literature approach shows an outstanding perfor-
mance of the integrated photosupercapacitor with a peak photoelectrochemical
energy conversion efficiency of 17%. However, this type of efficiency does not
properly represent the real overall efficiency of the device. Based on the newly
developed efficiency calculation, a more modest overall cycle efficiency of 2% is
obtained, which represents the overall performance of the integrated device in a
better way. This versatile evaluation approach is applicable for all kinds of
integrated multifunctional photoconversion–storage systems.
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conjugated polymer donor and a fullerene acceptor as active
materials.[7] In the last years, synthesis of new polymeric donor
materials and nonfullerene acceptors (NFAs), as well as a deeper
understanding of the device physics, has allowed to reach power
conversion efficiencies (PCEs)>18% in laboratory environments.[8]

Although efforts in scaling-up production are not yet resulting in
solar cells with efficiencies as high as the laboratory cell counter-
parts, developments in this field are progressing at fast pace.[6,9]

However, the main drawback of PV energy conversion is the
intermittency of illumination, due to, e.g., environmental fluctu-
ations, which makes it difficult to maintain a constant power sup-
ply. On the other hand, the consumption rate of an IoT device has
its own, intermittent, often erratic pattern (one example being a
sensor programmed to transmit when exceeding a certain signal
threshold). Thus, a storage unit provides flexibility between the
energy source and the consumption end, storing energy when-
ever available and supplying it whenever needed.

Traditionally, solar energy–storage power supplies involve a
wired interconnection of two independent devices—a solar cell
and an electrochemical energy storage device. Despite the possi-
bility to build and optimize both devices separately, such design
results in a less compact device. This doubles the components
and requires complex packaging, which is not suitable while aim-
ing for small electronics as application.

To fulfill the demand for future applications, a new approach
has emerged recently,[10–13] where the solar cell is integrated with
the electrochemical storage unit through a shared electrode,
resulting in an integrated three-electrode monolithic device.
This design provides a more compact size with less circuitry,
which makes it ideal for low power applications.

Among different electrochemical energy storage devices, elec-
tric double-layer capacitors (EDLCs) are outstanding in operation
under fluctuating environmental conditions, as they have much
faster charge and discharge rates compared to batteries.[14]

Besides, different from batteries and pseudocapacitors, EDLCs
are not limited by a fixed voltage supply set by a specific redox
process, and so are able to work efficiently in a flexible voltage
range, highly facilitating the integration with different types of
solar cells and consuming devices. In addition to the high-power
output, EDLCs feature safer operability, longer cycling life,
higher efficiency, higher stability, and larger energy density than
conventional dielectric capacitors. Considering all the above
mentioned, EDLCs appear to be more compatible for the integra-
tion with photovoltaic cells, whose energy output largely varies
along with the available ambient illumination.

The photosupercapacitor in the three-electrode design dates
back to 2005 where a dye-sensitized solar cell (DSSC) was
coupled to an activated carbon supercapacitor through a shared
electrode.[15] However, reasonable efficiencies (>1%) potentially
suitable for practical applications were achieved only recently by
improving storage performance and fabrication techniques.[16–18]

On the other hand, current attempts have been focusing on
enhancing the overall device efficiency by using different highly
efficient PV technologies such as crystalline silicon,[19,20]

perovskite,[21–24] and OSCs.[22,25–28]

Despite the recent progress in the fabrication of photosuper-
capacitors,[19,24,27] there are still no clearly defined measurement
and characterization protocols for benchmarking their perfor-
mance. This restricts our knowledge on how to accurately

compare these devices. Usually, the energy utilization efficiency
is determined as the ratio between output and input energy. To
assess the performance of the integrated energy harvesting and
storage device, reported works usually make use of a photoelec-
trochemical energy conversion efficiency definition, which is the
ratio of energy extracted from the energy storage device (EDLC in
this case) during full discharge in the dark, and the light energy
impinging onto the solar cell during the photocharge[25,29,30]

η ¼ ηconversion � ηstorage ¼
Eoutput
solar cell

Elight
� Eoutput

storage

Eoutput
solar cell

¼ 0.5� C � V2

Pi � Δt� Asolar cell
(1)

This value depends on the capacitance C, the voltage when
charged V, the power input Pi, the photocharging time Δt,
and the active photosensitive area Asolar cell. However, this defi-
nition represents a very simplified approach to determine the
device efficiency; thus, it is only valid for the case of an ideal
device. To correctly account for any losses, the energy storage
output should be rather calculated via integration of the delivered
charge.[31] Otherwise, the results are overestimated.[32] As a
result, this definition has severe shortcomings in characterizing
the integrated photorechargeable energy storage system. Hence,
it is of utmost importance to develop a new figure of merit that
can provide reliable and comparable performance evaluation.

In this work, we provide a new approach on how to evaluate
the performance of an integrated solar energy conversion and
storage system, applied in the following example to the case
of a photosupercapacitor. This new figure of merit, the cycle effi-
ciency (vide infra), is able to relate both the individual character-
istics of each component, i.e., the solar cell and the EDLC, to that
of the system as a whole. Thus, it correctly accounts for its non-
ideal performance caused by resistive losses.

To test the proposed evaluation approach, we designed a mono-
lithic OSC-EDLC photosupercapacitor, using a three-electrode
architecture with a shared electrode between the solar cell and
the supercapacitor. A sketch can be seen in Figure 1.

To store the charge provided by the integrated solar cell,
the EDLC should exhibit high capacitance. Therefore, the
EDLC-active electrode material should have a large specific sur-
face area, a well-defined porous structure, and high conductivity.
Additionally, not only the intraparticulate but also the interparti-
culate 3D porous structure within the electrodes should be opti-
mized, to facilitate ion diffusion and minimize “dead” electrode
weight caused by diffusion limitations especially at higher rates
or charging/discharging currents. On this matter, mesoporous
nitrogen-doped carbon nanospheres (MPNCs) have proven to
show excellent properties as conductive supports for electrocata-
lysts,[33] as electrode materials for redox flow batteries,[34] or as
electrode materials for electrochemical supercapacitors.[19,24]

Indeed, considering a bottom-up electrode construction, using
MPNC materials as building blocks allows us to engineer both
the intraparticulate and the interparticulate properties, i.e., the
surface area, surface functionality and hence wettability, the con-
ductivity as well as the 3D electrode structure. As such, the intra-
particulate mesopores provide a large specific surface area for ion
accommodation and at the same time facilitate fast ion transport.
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Homogeneous MPNC size distribution and packing results in
3D porous and accessible electrodes with fixed intraparticular dif-
fusion pathways and maximized electrode percolation. This leads
to efficient diffusion pathways within the 3D electrode structure
and enhanced electrolyte infiltration and hence means more
efficient electrode surface utilization. Moreover, nitrogen doping
not only introduces active sites that contribute to surface pseu-
docapacitance but also makes the MPNC surface hydrophilic
leading to improved electrode/electrolyte wettability when com-
pared to commercially used hydrophobic activated carbons.[35] At
the same time, when using viscous gel electrolytes, mesopores
provide more efficient electrolyte infiltration leading to better rate
capabilities compared to purely microporous materials.[36] Thus,
we opted for MPNCs as the EDLC electrode-active material.

As the solar cell, we used a highly efficient OSC based on the
absorber blend D18:Y6 (see Experimental Section). The OSC
exhibits high open-circuit voltage (VOC) and large current result-
ing in high PCE of 14%, which is the main trigger for fast photo-
charging of the integrated photosupercapacitor up to 0.84 V
under “1 sun” illumination. Additionally, excellent capacitive per-
formance of the MPNC-EDLC enabled to efficiently store the
charge delivered by the solar cell, favoring high storage efficiency
of 98.5%. The resulted OSC-MPNC photosupercapacitor deliv-
ered 0.01mWh cm�2 and 4.6 mW cm�2 energy and power den-
sity, outperforming reported works.[21,24,28] This summed up to a
high overall photoelectrochemical peak energy conversion effi-
ciency of 17.3%, i.e., more than the PCE of the solar cell alone.
As will be shown further below, the performance evaluation
using our new definition resulted in a complete cycle efficiency
of 2%. This is a muchmore realistic figure of merit for the overall
device performance as it includes the cycle energy utilization of
the complete device. The proposed calculation approach provides
a better understanding and serves as a guideline for fabricating
such hybrid solar energy conversion–storage systems. At the
same time, evaluation of the performance of the designed
OSC-EDLC photosupercapacitor showed its high potential for
practical applications.

2. Results

2.1. System Figure of Merit

The solar cell efficiency, ηsolar cell, was calculated from the
current–voltage characteristic curves according to Equation (1),
where VOC represents the open-circuit voltage, JSC the
short-circuit current density, FF the fill factor, and Pin the illu-
mination power (0.1W cm�2 for “1 sun” AM1.5G illumination).

ηsolar cell ¼
JSC � VOC � FF

Pin
(2)

In this work, we used a supercapacitor, assembled in a sym-
metric configuration with two identical MPNC-based electrodes.
To calculate the capacitance C of the supercapacitor, the galvano-
static charge–discharge (GCD) profiles were used. For superca-
pacitors in which Faradaic processes take place, or in EDLC
capacitors where degradation or imperfections cause a deviation
from the linear behavior, the most correct way to calculate the
capacitance involves two steps.

In the first step, the discharge profiles are integrated to calcu-
late the energy[31]

EGD ¼ IGD

Z
t

0
VðtÞdt (3)

with IGD being the applied current during discharge. From this
value, the capacitance can then be calculated easily in step 2
using the following expression

CGD ¼ 2EGD

V2
max

(4)

where Vmax is the maximum voltage achieved during charging.
In the literature, it is, however, commonly seen that capaci-

tance determination is based on Equation (4), where IGD is
the current applied, Δt the total time for charge or discharge,
and ΔV the voltage change in the capacitor.[37,38]

Figure 1. Schematic representation of the photosupercapacitor fabricated by integration of the OSC with the MPNC-EDLC in a three-electrode design
through a shared electrode. Photosupercapacitor connection under a) photocharge and b) discharge.

www.advancedsciencenews.com www.solar-rrl.com

Sol. RRL 2022, 2200614 2200614 (3 of 15) © 2022 The Authors. Solar RRL published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.solar-rrl.com


CGD ¼ IGDΔt
ΔV

(5)

From the previous expression, the total energy stored, EGD, is
derived as follows

EGD ¼ CGDV2
max

2
(6)

It is, however, important to point out that Equation (4) and (5)
are approximations and only valid for ideally linear GCD
curves,[32] while Equation (2) is correct under all circumstances.

This first approach, based on Equation (2) and (3), is used
throughout this work to obtain adequate results under all condi-
tions. Normalized values for both (areal or gravimetric) capaci-
tance and energy/power are obtained by dividing Equation (2)
and (3) by the supercapacitor geometrical area (4 cm2 in our case)
or by its total active mass (4mg). Additionally, for each GCD
cycle, the coulombic efficiency can be calculated following
Equation (6), where IGD and IGC are the currents applied for
discharge and charge, and tGD and tGC are the times it takes
for discharge and charge, respectively.[39]

ηq ¼
IGDtGD
IGCtGC

(7)

For the integrated devices, a calculation of the photoelectro-
chemical energy conversion efficiency according to
Equation (7) has been commonly reported,[25,30,40] where Elight
is the energy of the incoming light, Pi is the power density
of the illumination, C is the area normalized capacitance, Acap

is the capacitor geometrical area, V is the voltage window, Δt
is the photocharge (illumination) time, and Asolar cell is the active
area of the solar cell.

η ¼ ηconversion � ηstorage ¼
Eoutput
solar cell

Elight
� Estorage

Eoutput
solar cell

¼
RQ
0 Vdq

PiΔtAsolar cell

¼ 0.5CAcapV2

PiΔtAsolar cell
(8)

While this equation appears correct at first glance, there are
several points that can induce errors. In first place, this equation
implies that all the energy provided by the solar cell under illu-
mination is actually stored in the supercapacitor. This will be the
case in an ideal device where no losses are present. In real devi-
ces, however, losses are expected due to the circuitry and non-
ideal supercapacitor behavior. Second, the energy stored in
the capacitor is reflected in this equation by using
Equation (5), which is—as shown before—also not correct for
all cases. Additionally, as the energy stored is not the same as
the energy output for nonideal supercapacitors, the latter is
the correct quantity to determine the photoelectrochemical con-
version efficiency. Thus, as discussed above, the stored energy in
Equation (7) has to be replaced by Equation (2).

Lastly, there is a pervasive misunderstanding on how to use
this formula. For a given set of experimental parameters, i.e.,
a fixed illumination time, discharge current, etc., Equation (7)
should return one single value for the photoelectrochemical effi-
ciency. Varying one of the parameters at a time will result in a

discrete set of points. Nevertheless, it is not uncommon to find
this value plotted by taking the whole range of the photocharging
time (i.e., from 0 to the set value, instead of one specific value)
without recalculating the energy stored. The result is then a con-
tinuum of photoelectrochemical efficiency values, which is
unrealistic.

To address these issues, we propose new definitions to evaluate
the performance of a complete photosupercapacitor device. To do
so we start from the previous definition in Equation (7), and
rewrite it to properly take into account the losses which occur dur-
ing the illumination phase. The new equation, Equation (8),
returns the instantaneous ratio of the energy stored in the super-
capacitor to the energy input, which we denote as photocharge effi-
ciency. In this equation, Vcap(t) represents the voltage measured
between the supercapacitor terminals, Jsolar cell(t) is the current
between electrodes 1 and 3 (see Figure 1) under illumination.
Namely, the photocurrent, tC, is the illumination time, and
Rloss is the combined resistance of the losses in the system,
i.e., circuitry, solar cell, and supercapacitor series resistance. It
can be clearly seen that without any losses (e.g., for an ideal
supercapacitor), this value will represent the instantaneous solar
cell efficiency because Vcap(t)¼Vsolar cell(t) –Rloss� Jsolar cell(t).

ηphotocharge ¼
Estored

Elight
¼

R tc
0 ðV capðtÞJsolar cellðtÞ � J2solar cellðtÞRlossÞ dtR tc

0 PiðtÞ dt
(9)

Nevertheless, Equation (8) does not make any reference to the
supercapacitor characteristics apart from the series resistance,
and thus is only valid to evaluate the illuminated cycle. To calcu-
late the complete efficiency of a photocharge and discharge cycle,
we should also consider the energy delivered during discharge.
Thus, our second definition, the cycle efficiency, takes into
account these parameters in a correct manner, as shown in
Equation (9)

ηcycle ¼ ηconversion � ηstorage ¼ Eoutput
solar cell
Elight

� Eoutput

Estored

¼
R

tc
0

V solar cellðtÞJsolar cellðtÞ dtR
tc
0

PiðtÞ dt
�

R
td
tc

VcapðtÞJGDðtÞ dtR
tc
0

VcapðtÞJsolar cellðtÞ�J2solar cellðtÞRloss dt

(10)

In this last equation, td is the discharge time, Vsolar cell(t) is the
voltage of the solar cell, and JGD(t) is the current density applied
during the discharge.

2.2. Photosupercapacitor Working Principles

The working principle of the device during a photocharge (a) and
discharge (b) cycle is schematically represented in Figure 1. The
photosupercapacitor device can be differentiated in two parts: the
OSC and the MPNC-based EDLC (MPNC-EDLC) supercapacitor.
The two units share a common electrical connection (labeled 2 in
the figure) joining the metal electrode of the solar cell and the
graphite foil of the supercapacitor.

During the photocharge, light absorption occurs in the active
layer of the solar cell and induces the generation of excitons. On
the interface between donor and acceptor phases in the active
material blend, excitons can dissociate to give rise to free charge
carriers, i.e., electrons and holes. These charge carriers move to
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their respective electrodes, where they can be collected and
extracted. To avoid charge carrier recombination on the
electrodes, electron (electron transport layer, ETL) or hole
(hole transport layer, HTL) selective layers are placed between
the active layer and the metal electrodes (current collector).
The placement of these layers determines the solar cell polarity
(p–i–n or n–i–p).

Photogenerated electrons are thus collected on the metal elec-
trode of the solar cell, which is the shared electrode with the
MPNC-EDLC (electrode 2 in Figure 1), resulting in its negative
polarization. On the other hand, the photogenerated holes are
extracted from the indium tin oxide (ITO) side of the solar cell
and guided externally to the opposite supercapacitor electrode
(electrode 3). The oppositely charged EDLC electrodes attract
electrolyte cations or anions, resulting in the formation of elec-
trochemical double layers (EDLs) at the electrode–electrolyte
interface of each of the electrodes. During the discharge process,
the MPNC-EDLC supercapacitor terminals are connected to an
external load, so that the stored charges are released delivering
power. Thus, solar energy is harvested and converted to electrical
energy by the OSC stored in the MPNC-EDLC electrodes and
released on-demand.

2.3. Solar Cell Performance and Its Optimization

Figure 2a shows the schematic structure of the OSC with stan-
dard architecture used for the integration with the MPNC-EDLC.

Here, the light is absorbed in the D18:Y6 layer, marked in red.
This results in the photogeneration of charge carriers and their
collection by the PDINO and PEDOT:PSS, the electron transfer
layer (ETL, green), and the hole transfer layer (HTL, yellow),
respectively. From there, electrons and holes can migrate
through the ITO and metal electrodes to the external wires.
The D18:Y6 blend was chosen as the active layer due to its record
efficiency among the OSCs (>18% with active areas much
smaller than 1 cm2;[41] >15% for cell areas larger than
1 cm2).[42] In most reported works on organic photovoltaics
(OPV), a high PCE is achieved for cells with small active areas
(usually well below 0.1 cm2). Thus, for the optimization of the
fabrication procedure (such as, e.g., coating parameters) and
achieving comparable performance, we used the solar cell design
with a photosensitive active area of 0.0925 cm2. This resulted in
high PCE of up to 14.3% with a VOC and JSC of 0.85 V and
22.2mA cm�2, respectively, as can be seen in Figure 2c, which
is comparable to the reported works.[42]

To facilitate the integration with the supercapacitor while also
reducing the mismatch between the active areas of the solar cell
and the supercapacitor, we developed a solar cell design with
larger active area of 1.2 cm2 (Figure 2d, left). As shown in
Figure 2b,c, the resulting parameters of the upscaled cells were
not severely affected, with only the FF being reduced. This reduc-
tion can be explained by the increased series resistance of the
ITO bottom electrode, which now must provide conduction
for larger distances.[42]

Figure 2. a) Schematic representation of the OSC stacking. b,c) J–V curves and extracted parameters for solar cells in both sizes. d) Picture of the cell with
an active area (marked in red) of 1.2 cm2 (left) and one with 0.0925 cm2 (right, six cells per substrate).
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It should be noted that for larger cells we observed an increase
of the leakage current under reverse bias in the dark. We associ-
ate this with imperfections such as, e.g., pin holes in the active
layer and coating defects. Such defects reduce the parallel resis-
tance, and are more likely to be present in the larger area cells.
However, this did not affect the performance under full
illumination.

2.4. Supercapacitor Performance

As a supercapacitor active material, we used mesoporous
nitrogen-doped carbon nanospheres carbonized at 1000 °C with
23 nm spherical mesopores (denoted as MPNC-23-1000). The
details of the synthesis procedure were reported by us previ-
ously.[33] In brief, MPNCs were prepared by a hard-template syn-
thesis involving the oxidative polymerization of aniline in the
presence of 23 nm in diameter spherical silica (SiO2)

nanoparticles (Figure S8, Supporting Information) as nanotem-
plates. During polymerization, a self-assembly process between
the SiO2 nanoparticles and the forming PANI took place yielding
spherical SiO2/PANI nanocomposite particles. Carbonization at
1000 °C of the SiO2/PANI nanocomposite particles, followed by
SiO2 etching, led to the formation of MPNC nanospheres with
spherical shape and diameters of approximately 300 nm through-
out the sample, as revealed by high-resolution scanning electron
microscope (HRSEM) (Figure 3a). HRSEM and transmission
electron microscope (TEM) images (Figure 3a,c) revealed the
presence of well-defined and homogeneously distributed
23 nm spherical mesopores within the MPNC particles, in line
with the shape and dimensions of the used SiO2 template.
HRTEM confirmed the highly porous nature of the sample
(Figure 3e). In addition, HRTEM images revealed well-defined lat-
tice fringes along with disordered MPNC sheets, suggesting a par-
tially ordered carbon structure (Figure 3b). These observations are

Figure 3. a) SEM, c) TEM, and e) HRTEM images of MPNC-23-1000. b) Raman spectra of the MPNC. d) Adsorption–desorption isotherms. The chart
inset shows the fraction of meso/macropore and micropore area. f ) MPNC pore size distribution and cumulative pore volume. The chart in the inset
shows the fraction of meso/micropore volume.
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in line with Raman spectra analysis. Raman spectra of the sample
(Figure 3b) showed two broad peaks corresponding to a G band
(1605 cm�1) and a D band (1362 cm�1). To determine the graph-
itization degree, we deconvoluted the Raman spectra using a
5-band model with mixed Gaussian and Lorentzian peak distribu-
tion.[43] As a result, we could distinguish additional bands at
1160 cm�1 (D4), 1533 cm�1 (D3), and 1670 cm�1 (D2). The graph-
itization degree determined by the ratio of the G-band integrated
intensity (area) to the overall integrated intensity (area) of the spec-
trum showed value of 18.5% corroborating HRTEM observations
and confirming moderate graphitization.[43,44]

Large specific surface area and pore volume are the main fea-
tures which determine the electrochemical performance of the
material. Thus, we used nitrogen physisorption to characterize
the porous structure of the MPNCs. The specific surface area
(SSA) calculated using the Brunauer–Emmett–Teller (BET) model
was as high as 702m2 g�1 with a contribution of 65.5% from
meso/macropores (pore size larger than 2 nm) and 34.5% from
micropores (pore size smaller than 2 nm) (Figure 3d). Pore size
distribution was determined according to the quenched solid den-
sity functional theory (QSDFT), from the adsorption branches of
the isotherm, taking into account spherical pores. The pore size
distribution (Figure 3f ) showed a main maximum centered at
23 nm, consistent with the size of the parenting template used
for the synthesis (Figure S8, Supporting Information). The cumu-
lative pore volume was as high as 1.45 cm3 g�1 (85.5% related to
the meso/macropore volume and 14.5% related to the micropore
volume) (Figure 3f ).

For the MPNC-EDLC electrode fabrication, MPNC inks were
formulated and doctor-bladed onto graphite foil current collec-
tors, resulting in the formation of highly 3D porous electrodes,
ensuring high electrolyte accessibility. HRSEM top view images
of the MPNC electrodes showed homogeneous distribution of
well-packed MPNC particles along with 50 nm conductive carbon
particles (SP) which were used as conductive additive. The
HRSEM electrode cross section revealed a 3D porous structure
with a good percolation throughout the electrodes thickness
required for electrolyte infiltration (Figure 4).

The as-produced MPNC electrodes were used to fabricate an
MPNC-EDLC in a symmetric configuration. As an electrolyte, we
used a semisolid H2SO4-PVA electrolyte, which highly facilitated
the assembly of the photosupercapacitors in the following steps.

Prior to the photosupercapacitor integration, electrochemical
performance of the MPNC-EDLC alone was evaluated using cyclic
voltammetry (CV) and GCD experiments. CV profiles (Figure 5a)
showed a quasirectangular shape in a wide range of scan rates
from 1 to 300mV s�1, revealing near-ideal double-layer capaci-
tance behavior with fast electrolyte ions kinetics within the mes-
opores of the MPNCs. Integration of CV curves allowed for the
calculation of the specific capacitance, showing its highest value
of 385 F g�1 at 1mV s�1 (Figure 5b) which is higher than values
(191.8 or 290 F g�1 at 1mV s�1) reported for other carbon-based
EDLCs.[45,46] Increasing of the scan rate to 170mV s�1 led to
a slight distortion from the rectangular shape indicating
diffusion-limited resistive behavior of ions. As a result, the capaci-
tance decreases to 115 and 105 F g�1 (at 300mV s�1).[47]

GCD experiments were carried out by applying a constant cur-
rent while recording the voltage response (limited to 1 V) (see
Figure 5d). The recorded GCD profiles featured a near triangular
shape, further proving the EDL storage mechanism. Noteworthy,
even at higher current densities (e.g., for 18 A g�1) we did not
observe any voltage drop (Figure 5d, inset). The electrode specific
capacitance calculated by the charge integration showed a peak
value of 291 F g�1 at 0.5 A g�1, decreasing gradually to 268 and
194 F g�1 at 1 and 2 A g�1, respectively. These values are higher
or comparable to other reported values on mesoporous carbon
materials (Table S1, Supporting Information).[38,48–52] The capac-
itance drop at higher currents can be ascribed to impeded
charging kinetics. Further increasing of the current density to
16 and 18 A g�1 still resulted in capacitance values as high as
94 and 96 F g�1, respectively. Whereas the reported mesoporous
N-doped carbons showed lower capacitance values 34.5 F g�1 at
20 A g�1[49] and 55 F g�1 at 9.5 A g�1,[53] microporous N-doped
carbons showed 37.5 F g�1 at 20 A g�1.[54] We attribute such a
good rate capability to the mesoporous structure of the MPNC
with interconnected accessible pores that provide efficient
electrolyte infiltration resulting in a high profitable electrode
surface and hence fast mass transport.

Considering the electrode active material loading of
0.5 mg cm�2, the areal capacitance shows its highest value
of 145 mF cm�2 at 0.25 mA cm�2, decreasing slowly to
134 mF cm�2 at 0.5 mA cm�2, to 97 mF cm�2 at 1 mA cm�2,
and finally to 47 mF cm�2 at 9 mA cm�2 (Figure 5e). These
values are higher or comparable to those reported for other
MPNC-based EDLCs.[38]

Figure 4. SEM images of a) the top view and b) the cross section of the MPNC electrode with (�20 μm thick) fabricated using doctor blading of the
MPNC-23-1000 ink (see also Figure S10, Supporting Information, for higher magnification).
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Figure 5c shows a self-discharge profile of the MPNC-EDLC
after being charged at 1 mA cm�2, showing the slow decrease of
the voltage to 0.35 V (65% decrease from the maximal charged
voltage of 1 V) after 5 h and to 0.12 V (88% decrease from the
maximal charged voltage of 1 V) after 40 h being in rest (under
open-circuit conditions). In comparison, the semisolid carbon
nanotube-based supercapacitor with the gel electrolyte reported
by Fan et al. similarly showed 35% voltage decrease after 5 h.[55]

The calculated power and energy densities were used to plot
the Ragone plot that is typically used for comparing the perfor-
mance of energy storage devices. Our MPNC-EDLC was able to
deliver an energy density of 10.1Wh kg�1 at a power density of
109.9W kg�1 and 3.0Wh kg�1 at 3482W kg�1 (Figure 5f ).
These values correspond to a geometric energy density of
10.1 μWh cm�2 at a power density of 109 μWcm�2 and
3.01 μWh cm�2 at 3.5 mW cm�2. Results normalized by the
device active area are shown in the Supporting Information.
As can be seen from the corresponding Ragone plot
(Figure 5f ), compared to other reported carbon-based EDLCs
reported in the literature, our MPNC-based supercapacitor
showed higher or comparable performance.[38,48–52]

2.5. Photosupercapacitor Performance

The schematic representation of the photosupercapacitor assem-
bled via integration of the OSC and MPNC-based EDLC is shown
in Figure 1. When monitoring the voltage of the solar cell alone
through electrodes 1 and 2, it becomes clear that immediately
after switching on the illumination, the generation of charge

carriers causes the voltage to increase until reaching its
steady-state value VOC. When the light is turned off, the voltage
decays fast (up to some ms) to 0 V (results not shown) as a
consequence of charge carrier recombination.

On the other hand, when terminals 1 and 3 are connected
under illumination, photogenerated charge carriers move from
the solar cell through the external wire or shared electrode, accu-
mulating in the supercapacitor electrodes. By simultaneously
monitoring the supercapacitor voltage using terminals 2 and
3, this effect becomes evident from the increase of voltage.
This constitutes the photocharge of the device. In this scenario,
the increase of the solar cell voltage is slowed down. Instead, in
the first instants, the solar cell provides a voltage and current
determined by the intersection of the supercapacitor impedance
with the solar cell’s current–voltage (J–V ) characteristic curve. As
the charging proceeds, and the voltage between the supercapaci-
tor electrodes builds up, the operating point of the solar cell will
shift along the J–V curve. Thus, we can expect high currents to be
delivered from the solar cell at the beginning of the photocharge,
which decreases gradually as the supercapacitor voltage
approaches the solar cell VOC (Figure 6a).

When turning off the illumination, the voltage on the solar
will decay fast (as in the case of the isolated solar cell).
However, the voltage recorded from the supercapacitor terminals
2 and 3 decreases slowly, constituting the photosupercapacitor
discharge. These processes confirm the working principle of
the photosupercapacitor, demonstrating that the energy is
effectively harvested, stored, and delivered upon demand within
one device.

Figure 5. Performance assessment of the MPNC-EDLC. a,b) CV profiles recorded at scan rates from 1 to 300mV s�1 and the corresponding dependences
of the gravimetric and areal capacitances. c) Self-discharge profile showing voltage retention after its recording for 40 h. d) GCD curves measured at
different currents applied. e) The inset shows GCD curve obtained at 18 A g�1. Gravimetric and areal capacitance plots as a function of current density.
f ) Ragone plot showing the performance comparison with other reported EDLCs.
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Quantitative evaluation of the photosupercapacitor perfor-
mance was carried out via photocharge–galvanostatic discharge
experiments. Similarly, as before, the photocharge was per-
formed by short-circuiting electrodes 1 and 3 during the illumi-
nation, while at the same time recording the solar cell voltage
(electrodes 1 and 2), the supercapacitor voltage (electrodes 2
and 3), and the current flow between electrodes 1 and 3. For
the discharge phase, the same parameters were recorded while
disconnecting terminals 1 and 3 and applying a constant current
between terminals 2 and 3.

A complete photocharge–discharge cycle for the D18:Y6-based
photosupercapacitors is shown in Figure 6a for different
discharge currents (0.2–10mA cm�2), where the illumination
time was set to 5min. As expected, the large current density
(nearly equal to the solar cell JSC) is delivered by the solar cell
in the first instants after device illumination, which causes the
supercapacitor voltage to rapidly increase and saturate at
0.81 V after 30 s. This shifts the operating point of the solar cell
closer to VOC, resulting in the current decrease. Reconstructing

the solar cells J–V curves from the voltage and current measure-
ments during the photocharge is possible as shown in Figure S6,
Supporting Information. The residual current was observed after
switching off the illumination, which we attribute to nonideal
behavior of the supercapacitor and the presence of a finite
parallel resistance.

The areal capacitance was calculated from the photocharge–
discharge profiles according to Equation (3) for different current
densities, and the results are plotted in Figure 6e. Here, the same
trend is observed as for the supercapacitor alone in Figure 5e,
with the capacitance decreasing for higher current densities,
which can be attributed to a kinetic limitation during the (dark)
discharge phase.

A similar experiment can be performed when changing
illumination times and fixing the discharge current density, as
shown in Figure 6b. In this case, although the maximum voltage
is reached after only 30 s, we can see striking differences in the
specific capacitance for longer illumination times. We can
observe that the capacitance increases for longer illumination

Figure 6. a,b) Voltage and c,d) current density measurements and e,f ) capacitance extracted during the photocharge–discharge of the photosuperca-
pacitor. a,c,e) Curves and results for fixed 5 min illumination time and different current densities applied during discharge. b,d,f ) Curves and results for
fixed 1mA cm�2 discharge current and different illumination times.
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times and flattens out at very long illumination times. Also, look-
ing closely at the voltage profiles in Figure 6b, one can clearly see
that there is a larger voltage drop in the first instant during dis-
charge for shorter illumination times. This is the result of ion
mobility inside of the supercapacitor because, for short times,
ions do not have enough time to reach their respective electrodes
and accommodate, thus contributing little to the capacitance
during the discharge.

The operational stability of the photosupercapacitor was tested
by performing multiple photocharge–discharge cycles, as shown
in Figure 7a. For these tests, the illumination time was set to
5min, with discharge current densities of 1 mA cm�2. The
results show that the device is very stable under operating con-
ditions for up to ten cycles, reaching comparable values of capac-
itance extracted after each discharge. It is important to note that
the least stable component of the device, either the OSC or the
MPNC-EDLC, will limit its stability. In our experiments, the
MPNC-EDLC has proven to be very resilient and has shown a
high reliability for very long times during charge/discharge.
Many studies have shown issues with the stability of OSCs for
longer illumination times, mainly associated with UV-induced
degradation, which should be taken into account when designing
integrated devices. While this was not observed in our experi-
ments, we reckon it is possibly one of the main points of failure.

With regard to stability, a final point has to be mentioned for
the solar cells in the integrated devices. As previously mentioned,
one of the advantages of the three-electrode setup is the ability to
measure both integrating parts separately. This has allowed us to
identify possible problems with the integration design, namely,
an increased series resistance from the solar cell, as shown in
Figure 7c. We attribute this increase to the additional conduction
path through the graphite electrode whose conductivity is not as
high as one of the OSC’s metal electrode. Some additional resis-
tance arises from the inner contact of the device holder, which we
also observed for the supercapacitor alone (Figure S3, Supporting
Information).

The photocharge–discharge experiments allowed us to evaluate
the efficiency of the integrated device. For the sake of comparison,
we calculated the overall photoelectrochemical energy conversion
efficiency using the approach described in the literature.[21,22,24–28]

As shown in Figure 8a, the photoelectrochemical energy conver-
sion efficiency reaches its peak value of 17.3% after 5 s. Depending
on the discharge current, the peak efficiency varies in the range of

5–17%. When compared with the efficiency values calculated
using this simplified approach, our photosupercapacitor outper-
forms other reported OSC-based supercapacitors as well as inor-
ganic ones.[21,22,24–28]

Using our improved definition for the photocharge efficiency,
Equation (8), from which all parameters can be measured
directly, our devices show peak photocharge efficiencies of
9.1%. As there are some losses present in the device, i.e., super-
capacitor series resistance (Figure S3, Supporting Information),
measurement setup resistance, as well as some degradation of
the solar cell, this peak photocharge efficiency (that highly
depends on the solar cell efficiency, see Section 2.1) is slightly
lower than the efficiency of the solar cell measured right before
the photocharge. It can also be shown that the time, at which the
photocharge efficiency peaks, is very close to the time at which
the solar cell is set to operate on the maximum power point. As
this is the point at which the solar cell outputs maximum power,
it is also the point where more energy is transferred to the super-
capacitor. While the obtained peak value is almost half of the pho-
toelectrochemical energy conversion efficiency calculated using
the simplified approach (Equation (7)), it is worth emphasizing
that these two values (photoelectrochemical energy conversion
efficiency and photocharge efficiency) relate to different phases
of the photosupercapacitor operation process. The photocharge
efficiency is only a measurement of the performance during
the illuminated phase, and, as such, does not represent the full
picture of the photosupercapacitor.

The power and energy density after discharge are summarized
in the Ragone plot (Figure 8d). A maximum power density of
4.6� 10�3W cm�2 is achieved at 10mA cm�2, while the energy
density is 1.6� 10�4 Wh cm�2 at 0.2mA cm�2.

Finally, the complete photocharge–discharge (cycle) efficiency
can be calculated according to Equation (9). This value is a
full characterization of the photosupercapacitor during its
operation, as it includes both illuminated and dark phases.
The photocharge–discharge (cycle) efficiency will be defined
by many experimental parameters, and, as such, obtaining
high values is a matter of optimization. Figure 9a shows
photocharge–discharge (cycle) efficiency values calculated for dif-
ferent discharge current densities, when the illumination time is
fixed to 5min. As the amount of energy delivered by the light
source is fixed in this scenario, the cycle efficiency is dominated
by the energy released by the MPNC-EDLC during the discharge

Figure 7. Multiple cycles of photocharge–discharge using the D18:Y6-based photosupercapacitor: a) capacitor voltage over time; b) specific capacitance
for each cycle; c) J–V curves for the OSC before and after assembly of the photosupercapacitor.
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in the dark. Thus, the trend is similar to that observed for the
capacitance in Figure 5e and 6a, following Equation (3). The
obtained low values are a result of long illumination times.
The MPNC-EDLC voltage saturates after just a few seconds of
photocharge, and from then on, the energy delivered by the
light source is not stored anymore, but still accounted for the
incoming energy.

On the other hand, fixing the discharge current density will
affect the extracted energy after the discharge according to

Equation (2), which will be constant assuming that the same
voltage is achieved during the photocharge. In a real experiment,
very short illumination times may lead to the situation where the
supercapacitor voltage is not saturated and consequently the
extracted energy is not constant. This situation is illustrated in
Figure 9b. For shorter illumination times, the energy from
the illumination source will be much smaller, while the energy
extracted is only marginally smaller than the one obtained for
longer illumination times (Figure S7, Supporting Information).

Figure 8. a) Overall photoelectrochemical energy conversion efficiency as a function of the illumination time using the standard approach found in the
literature. b) Comparison of the photoelectrochemical efficiency versus solar cell PCE for different photosupercapacitors reported in the literature using
the three-electrode approach. c) Photocharge efficiency as a function of charging time using the new definition of Equation (8). d) Ragone plot showing
energy and power density for different discharge current densities and a comparison with literature values.

Figure 9. Cycle efficiency calculated with the new definition: a) as a function of the discharge current density for 5 min fixed illumination time; b) as a
function of the illumination time with fixed 1mA cm�2 discharge current density.
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This leads to increase in cycle efficiencies up to 2% for 30 s illu-
mination. Increasing the illumination time (photocharge) leads
to a decrease of the cycle efficiency, while the extracted energy
only slightly increases.

This last point illustrates the issue of using efficiency as a
benchmark parameter for evaluating photostorage devices.
While it may be useful for comparing different devices, many
experimental parameters will influence the outcome, and thus,
should be reported together for a meaningful evaluation.
Otherwise, a single value of efficiency without context of the
experimental details will result in a misleading view. In many
situations, a low efficiency device may be better suited for a given
application where the illumination time is given, and the energy
requirements are fixed by the consumer. In those cases, optimiz-
ing for high efficiencies will require improving both constituent
parts: the solar cell and the supercapacitor. This is, of course, the
main direction of contemporary research. Future investigations
will be carried out to study OSC with higher VOC, upscaling cells
into modules and improving the capacitance of the storage part.

3. Conclusions

In summary, we have shown a simple approach to monolithically
integrate OSCs and supercapacitors. This approach is highly
reproducible and yields high throughput, as it combines a highly
efficient, large-area D18:Y6 OSC with a MPNC-ECDL supercapa-
citor by using a shared electrode. Because of the high current
delivered by the solar cell and good performance of the superca-
pacitor, a fast photocharging process was achieved, and a satura-
tion voltage of 0.84 V was reached in only 30 s. For sake of
comparison, the photoelectrochemical efficiency was calculated
according to previously reported methods and showed an out-
standing value of 17.4% (with a discharge current density of
0.2mA cm�2) which is larger than for any other reported device
thus far. More importantly, we also have presented a new model
to evaluate the performance of these novel integrated devices. It
accurately takes into account the energy released from the stor-
age unit as well as potential losses due to, e.g., series resistances.
With our new definition, a more modest 2% full cycle efficiency
was obtained by optimizing the illumination times and discharge
currents, with the best resulting parameters being 30 s and
1mA cm�2, respectively. We believe this new definition will help
in the future to benchmark new photosupercapacitors and make
comparing different systems more reliable.

4. Experimental Section

Materials: Chemicals for Solar Cell Fabrication: The acceptor material Y6
(2,2 0-((2Z,2 0Z)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihydro-[1,2,5]
thiadiazolo[3,4-e]thieno[2 00,3 00:4 0,5 0]thieno[2 0,3 0:4,5]pyrrolo[3,2-g]thieno[2 0,3 0:4,5]
thieno[3,2-b]indole-2,10-diyl)bis(methanylylidene))bis(5,6-difluoro-3-oxo-
2,3-dihydro-1 H-indene-2,1-diylidene))dimalononitrile) and the electron
interlayer PDIN (N,N 0-bis[3-(dimethylamino)propyl]perylene-3,4,9,10-tet-
racarboxylic diimide) are bought from 1-Material and used without further
modification. The donor material D18 (poly[(2,6-(4,8-bis(5-(2-ethylhexyl-
3-fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-b 0]dithiophene))-alt-5,5 0-(5,8-bis(4-
(2-butyloctyl)thiophen-2-yl)dithieno[3 0,2 0:3,4;2 00,3 00:5,6]benzo[1,2-c][1,2,5]
thiadiazole)]) is bought from Organtec Ltd. and the hole interlayer PEDOT
AI4083 from Heraeus.

Materials: Chemicals for EDLC Fabrication: Silica (Ludox SM-30, 20 wt%
solution in H2O), hydrochloric acid (HCl (1 M)), ammonium persulfate
(APS, ≥98.0%), ammonium hydrogen difluoride (NH4HF2, ≥95%), poly
(vinylidene fluoride) (PVDF, Mw �534 000), 1-methyl-2-pyrrolidinone
(NMP, anhydrous, 99.5%), polyvinylalcohol (PVA, Mw� 31 000), and
graphite foil (0.5 mm, 1.37mΩ cm�1, 98%) were purchased from Sigma-
Aldrich. Aniline (99.5%) was purchased from AppliChem. 2-Propanol,
acetone, and ethanol were of analytical grade and were purchased from
Sigma-Aldrich. Super-P conductive carbon black (SP, Timcal) was pur-
chased from Nanografi. All reagents were used as received without further
purification.

OSC Fabrication: With the exception of the device geometry, the
solar cell fabrication protocol was adapted from previous works[41,42]

for D18:Y6. During our experiments, two types of solar cell geometry
are used, which resulted in different active areas: small (0.0925 cm2)
and large (1.2 cm2) and will be referred by these names.

Solar cells in this work are fabricated in standard architecture onto
25� 25 mm2 large ITO-covered glasses (Visiontek Systems Ltd.,
Rsq¼ 15 Ohm sq�1). Prior to fabrication, the substrates are cleaned with
sequential ultrasonic baths in acetone, isopropanol, and water, twice in
each solvent for 5 min, and dried using a nitrogen gun. To ensure a clean
and organic-free surface, the substrates were further introduced in an UV
ozone-plasma reactor for 20 min. Finally, for substrates with larger cell
areas, a support structure made of Cr/Ag (5/100 nm) is thermally evapo-
rated to act as a current collector around the ITO electrode.

In the large geometry, before attaching the supercapacitor on top,
solar cells are encapsulated using a flexible barrier film from AMCOR
(SOLARS-AUGW). This film serves as protection against oxygen and
ambient humidity, as well as providing some mechanical protection to
the active area.

On top of the ITO glass, a PEDOT:PSS HTL (Heraeus Clevios AI4083)
was statically spin-coated in air at 4000 rpm for 60 s, resulting in a
40 nm-thick layer, followed by an annealing step at 130 °C for 10min.
In this architecture, D18:Y6 blend (11 mgmL�1, 1:1.6 in chloroform)
was used as an active layer. D18:Y6 blend was dynamically spin-coated
at 2000 rpm for 30 s inside of a nitrogen-filled glove box, without further
annealing. This resulted in a 90 nm-thick layer. After the active layer is
deposited, an ETL was prepared by dynamic spin coating of a PDIN solu-
tion (1.5 mgmL�1 in ethanol) at 4000 rpm for 30 s. The procedure was
followed by thermal evaporation of a 100 nm layer of silver (pressure
<10�5 mbar with a rate of 1 nm s�1), which served as a top contact of
the solar cell or middle contact of the photosupercapacitor.

MPNC Synthesis: MPNCs were synthesized via oxidative polymerization
of aniline (as nitrogen and carbon source) in the presence of silica
nanoparticle sols (SiO2 NPs) as hard templates, according to a
procedure reported by us previously.[24,33,34] Briefly, in a 500mL one-neck
round-bottom flask, 13.3 mL of 23 nm SiO2 NPs (Ludox TMA) were mixed
with 400mL of MiliQ followed by the addition of 50 mL 1 M HCl under
magnetic stirring in ambient conditions. To the obtained mixture, we
added 4mL of aniline. In a separate flask, 10.02 g of ammoniumpersulfate
(APS) were mixed with 20mL of 1 MHCl. To induce polymerization, the as-
obtained clear APS solution was drop-wise injected (during �10min) to
the reaction flask containing silica and aniline. The mixture was kept in an
ice-bath for 24 h. As-produced polyaniline–SiO2 composite nanospheres
were washed with MilIQ water using centrifugation for at least ten times
until the solution became neutral. To prevent polymer reorganization and,
hence fusion of nanospheres, the obtained nanocomposite particles were
subjected to freeze-drying. The freeze-dried powder of polyaniline–silica
composite nanospheres was further carbonized at 1000 °C for 6 h under
N2 atmosphere with a heating rate of 3.3 °Cmin�1. The as-obtained com-
posite was subjected to etching with 4 M NH4HF2 solution for 3 days to
remove the silica template. The procedure was followed by thorough wash-
ing with water and ethanol via filtration. The wet filtrate was dried at 60 °C
under vacuum. The resulting dry powder was annealed at 500 °C under a
nitrogen atmosphere for 2 h to remove insoluble residuals from the etch-
ing step. The obtained MPNC powder was denoted as MPNC-23-1000,
according to the size of the used SiO2 template and the carbonization
temperature.

www.advancedsciencenews.com www.solar-rrl.com

Sol. RRL 2022, 2200614 2200614 (12 of 15) © 2022 The Authors. Solar RRL published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.solar-rrl.com


MPNC Electrodes Fabrications: To fabricate electrodes for the EDLC unit,
first the MPNC-containing inks were prepared as follows: 10mg of binder
—polyvinilidene difluoride (PVDF)—was dissolved in 1mL of N-methyl-2-
pyrrolidone (NMP) via magnetic stirring for at least 12 h. The obtained
clear solution was mixed with 10mg of Super-P powder (as conductive
additive) and 80mg of MPNC-23-1000 (as active material). The obtained
mixture was tip-sonicated for 30 min until it became homogeneous. The
weight ratio between the MPNC active material, Super-P, and binder was
set to 8:1:1. The concentration of solids in solvent was 100mgmL�1.

A 0.5 mm graphite foil was used as a current collector or/and a shared
electrode in the built photosupercapacitor. The graphite foil was
roughened with a sand paper (P80-grade) and cut into square
pieces (2 cm� 2 cm) suitable for the defined geometry of the
photosupercapacitor.

A freshly prepared ink was then deposited onto the graphite foil pieces
placed into customizedmask followed by doctor blading with a blade thick-
ness of 250 μm and a coating speed of 10mm s�1. The obtained electro-
des were dried at 60 °C under vacuum for at least 12 h.

Electrolyte Preparation: As an electrolyte, we used a semisolid
PVA-H2SO4 gel electrolyte. The electrolyte was prepared by mixing 1 g
of PVA and 1 g of H2SO4 in 10mL of H2O, followed by heating to 80 °C
under magnetic stirring for at least 1 h. When the mixture became
transparent, it was left undisturbed. This step was necessary to remove
air bubbles present in the viscous gel and to cool it down to room
temperature (RT).

EDLC Assembly: Approximately 100 μL of the as-prepared RT H2SO4-
PVA electrolyte was drop casted on top of each MPNC electrode and left
untouched for 24 h to ensure electrolyte infiltration. Whatman paper used
as a separator was also previously soaked with the fresh H2SO4-PVA gel
electrolyte (�300 μL). The EDLC was assembled in a symmetric configu-
ration where two H2SO4-PVA MPNC electrodes were sandwiched together
through the separator. The assembly was followed by drying under air at
80 °C for 2 h.

MPNC Characterization: A field-emission gun high-resolution scanning
electron microscope (SEM) (FEG-HRSEM) SU8220 (Hitachi), equipped
with a secondary electron (SE), backscattered electron (BSE), and trans-
mission electron (TE) detector was used to carry out SEM measurements.
For imaging of nanoparticulate samples, we used the transmission mode,
operated at an acceleration voltage of 30 kV and a working distance of
8.0mm. MPNC powder was dropped onto carbon-coated copper grid
(200 mesh). For imaging of MPNC electrodes, the scanning SE mode with
an acceleration voltage of 3 kV and a working distance of 3.0 mm was
applied. For high-resolution transmission electron microscope
(HRTEM) imaging, a Talos 200X electron microscope (Thermo Fisher)
was used, operated at an acceleration voltage of 200 kV. Raman spectra
were recorded using a Senterra II microscope (Bruker Optics GmbH,
Ettlingen, Germany) equipped with a 532 nm laser. The laser power
was set to 2.5mW. Measurements were carried out with a wavenumber
resolution of 4 cm�1. Spectra were recorded in the range of
750–2500 cm�1. The specific surface area and pore structure were mea-
sured using N2 physisorption at 77 K using an Autosorb 1-C physisorption
station (Quantachrome). The measurements were done using powder
samples degassed in vacuum at 100 °C for 24 h. Specific surface
area was calculated using the Brunauer–Emmet–Teller (BET) method, fit-
ting the P/Po range from 0.05 to 0.30. Pore size distribution was deter-
mined according to the quenched solid density functional theory
(QSDFT), from the adsorption branches of isotherm, taking into account
spherical pores.

Organic Photosupercapacitor Assembly: The two parts previously
described (OSC and supercapacitor) were assembled using a custom
device holder to facilitate the process and improve reproducibility. The
holder was made of PEEK with a glass window to allow illumination
and has external steel electrodes that can be connected to the measuring
setup (Figure S1, Supporting Information).

The OSC was first placed in the holder with the glass side looking out-
ward, and its two electrodes connected to the holder electrodes using cop-
per tape. On top of the solar cell, an insulator layer is placed on one of the
electrodes to avoid shunting once the capacitor is placed. Finally, the

supercapacitor is secured on top, connecting the solar cell top electrode
with the supercapacitor graphite electrode, and the holder is closed. The
top steel electrode on the holder can be then used to apply moderate pres-
sure to improve the contact between the component parts and thereby
improve the supercapacitor capacitance. Nevertheless, precaution has
to be taken as excessive pressure can cause shunts in the solar cell by
perforation of the layers or utterly shatter the glass substrate on which
the solar cell is coated.

Photoelectrochemical Characterization Techniques: Solar Cell
Characterization: Before integration with the supercapacitor, solar cells
were characterized via current density–voltage curves ( J–V curves) using
a class A solar simulator (Newport SP4063A-SR1-167) and a Keithley 2400
source meter. The solar simulator was calibrated to “1 sun” (AM1.5G, cor-
rected for spectral mismatch) using a reference silicon solar cell. Upsweep
and downsweep scans were performed in the range from �1 to 1 V.

Photoelectrochemical Characterization Techniques: Supercapacitor
Characterization: Several techniques were used to assess the charge stor-
age mechanism of the supercapacitors. In first place, CV experiments
were carried out by applying a potential in the 0–1 V range with scan rates
in the range of 1–300 mV s�1 while recording the current response. GCD
is another useful technique, where a constant current density is applied
to the system and the voltage response is recorded. In our case, current
densities between 100 μA cm�2 (0.1 A g�1) and 10 mA cm�2 (10 A g�1)
were used with the voltage limited to 1 V. Finally, impedance spectros-
copy was used to determine the setup series resistance and capacitance
directly. The electrochemical characterization of the supercapacitor and
photosupercapacitor was done using the VMP3 potentiostat from
BioLogic.

Photoelectrochemical Characterization Techniques: Photosupercapacitor
Characterization Protocol: Performance of the integrated device was evalu-
ated using the combination of the VPM3 potentiostat and a Wavelabs SL-2
solar simulator calibrated to AM1.5G spectrum corresponding to 1 sun.
Both integrating parts were first tested separately by accessing the corre-
sponding terminals (1 and 2 for the solar cell, 2 and 3 for the supercapa-
citor, see Figure 1), with the same protocols stated above. This allowed us
to identify and correct issues arising during the assembly process, such as,
e.g., solar cell shunting or an increased series resistance.

The photocharge was carried out using two channels of the potentio-
stat. The first channel monitored the voltage of both the solar cell and the
supercapacitor using a three-electrode configuration, where electrode 1 is
used as reference (see Figure S2, Supporting Information). The second
channel measured the current flow between the solar cell and the super-
capacitor (electrodes 1 and 3, see Figure 1) through a 1 Ohm resistor with
a two-electrode configuration. The measurement of photocharge were as
follows: first, the supercapacitor was discharged through terminals 2 and 3
(while keeping terminals 1 and 3 disconnected) to 0 V keeping this state
for 10min to ensure that there is no residual polarization. For the photo-
charge, the light was turned on, and the connection between electrodes 1
and 3 was short-circuited. This led to current generation on the solar cell,
and consequently, the voltage of the supercapacitor increases until it
reaches the value close to solar cell open-circuit voltage (VOC). The illumi-
nation times were fixed for each experiment and were varied between 10 s
to 10min. Afterward, the light was turned off and terminals 1 and 3 were
disconnected. The photosupercapacitor was discharged galvanostatically
to 0 V by applying current densities from 100 μA cm�2 to 10mA cm�2

between electrodes 2 and 3 (Figure 1). To evaluate operation stability
of the device, the photocharge–discharge cycles were repeated several
times. Similarly, photocharge/self-discharge was evaluated with all steps
being the same, but without applying any discharge current. In this case,
only the voltage of the supercapacitor over time was recorded in the dark,
from which the self-discharge current was estimated.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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