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Driving continuous, low-power artificial intelligence (Al) in the Internet of Things (IoT) requires reliable energy
harvesting and storage under indoor or low-light conditions, where batteries face constraints such as finite
lifetimes and increased environmental impact. Here, we demonstrate an integrated three-terminal dye-
sensitized photocapacitor that unites a dye-sensitized solar cell (DSC) with an asymmetric supercapacitor,
leveraging molecularly engineered polyviologen electrodes and bioderived fungal-based membranes. Under
1000 lux ambient illumination, the photocapacitor delivers photocharging voltages of 920 mV, achieving
power conversion efficiencies exceeding 30% and photocharging efficiencies up to 18%. Density Functional
Theory calculations reveal low reorganization energies (0.1-0.2 eV) for polyviologen radical cations, promot-
ing efficient charge transfer and stable cycling performance over 3000 charge—discharge cycles. The system
reliably powers a multilayer 10T network at 500 lux for 72 hours, surpassing commercial amorphous-silicon

Received 21st February 2025, modules by a factor of 3.5 in inference throughput. Critically, the photocapacitor driven edge microcontroller
Accepted 14th April 2025 achieves 93% accuracy on CIFAR-10 classification with an energy requirement of only 0.81 mJ per inference.
DOI: 10.1039/d5ee01052g By eliminating the need for batteries or grid connection, this work offers a proof of concept for high-

efficiency, long-lived indoor power solutions that merge advanced materials chemistry with edge Al,
rsc.li/ees demonstrating a practical route toward self-sustaining, data-driven loT devices.

Broader context

The rapid expansion of the Internet of Things (IoT) and the increasing reliance on edge-based artificial intelligence (AI) demand innovative energy solutions
that are sustainable, efficient, and independent of traditional power grids. Addressing these challenges, our work introduces a groundbreaking three terminal
photocapacitor that integrates a high-efficiency dye-sensitized solar cell with a polyviologen based asymmetric supercapacitor and eco-friendly fungal-based
membranes. This device achieves a photo charging voltage of up to 920 mV and an overall charging efficiency of 18% under typical indoor lighting (~ 1000 lux),
enabling battery-free operation of 10T nodes. By powering Al tasks, such as CIFAR-10 image classification with 93% accuracy at an energy cost of just 0.81 mJ
per inference, our platform significantly reduces the energy overhead of data processing. Furthermore, it outperforms conventional amorphous silicon
modules by 3.5 times in throughput. This innovation eliminates the need for battery replacement, paving the way for zero-maintenance, self-sustaining IoT
networks. By aligning with the United Nations’ Sustainable Development Goal 7, our work fosters a sustainable energy landscape for smart infrastructure,
bridging the gap between energy efficiency and the growing demands of digital connectivity in smarter homes and cities.
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Introduction

The exponential growth of the Internet of Things (I0T), with
projections exceeding 30 billion connected devices by 2030,
promises transformative advancements in areas such as smart
infrastructure and personalized healthcare.'™ However, power-
ing this vast network of sensors and actuators sustainably
remains a critical challenge.”® Ambient light harvesting, parti-
cularly in indoor environments,”® offers a promising solution.
However, particularly challenging is the need for efficient
energy harvesting and storage in low-light conditions (100-
1000 lux), where conventional photovoltaic systems struggle to
maintain adequate power output and the intermittency and low
intensity of indoor lighting pose significant challenges.’
We address these challenges by presenting a photocapacitor
(PC) design that integrates high-efficiency dye-sensitized solar
cells (DSCs) with asymmetric supercapacitors (ASCs) based on
engineered polyviologen materials. Recent advancements in
DSCs have achieved power conversion efficiencies exceeding
38% under indoor lighting,® highlighting their potential for IoT
applications. While other photovoltaic technologies such as
perovskite, organic, and CdTe solar cells surpass 20% PCE
outdoors, dye-sensitized solar cells (DSCs) achieve the highest
reported efficiency under indoor lighting—reaching 38% PCE
under standard office illumination (IEC TS 62607-7-2: 2023).
This advantage stems from their molecular-level tunability,
aligning dye absorption bands with common indoor lamp
spectra. Moreover, DSCs rely on copper-based redox shuttles
and stable metal oxide frameworks, eliminating hazardous
materials. This is particularly critical for applications in livable
and working spaces, where the use of non-toxic, environ-
mentally safe materials is essential to ensure long-term safety.
Combined with simplified manufacturing and customizable
colors, DSCs are an optimal choice for integrated photocapaci-
tors designed for continuous indoor operation. However,
the intermittent nature of this energy source necessitates an
integrated approach to energy storage. Photocapacitors (PCs),
which combine photovoltaic (PV) energy conversion with super-
capacitor-based energy storage in a single, integrated unit, offer
a compelling solution.">"

In PCs, the energy harvested by the PV unit can either be
used directly or stored electrostatically in the supercapacitor
through the electrical double layer (EDL) at the electrode-
electrolyte interface.">™"” While the concept of photocapacitors
is not new,"® > previous implementations have struggled with
low efficiency, suboptimal voltage outputs, and poor stability.>*
Liu et al. (2017) reported photocapacitors with a combined
conversion and storage efficiency of 5.26% under AM 1.5G
illumination,** while Xu et al (2016) achieved a maximum
photocharging voltage of 932 mV under 1 sun illumination.*>
Berestok et al. (2021) demonstrated photocapacitors with an
overall efficiency of 11.5% under 1 sun,”® marking notable
progress but still insufficient for practical IoT applications,
which typically operate in indoor environments with much
lower light intensities than AM 1.5G conditions. Several recent
reports have also highlighted advanced photo-rechargeable,
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photo-switching or photoassisted supercapacitors,®*° employ-
ing different photovoltaic technologies that supply energy to
supercapacitor units with high specific capacitance. These
studies have demonstrated the potential of integrating light
harvesting with energy storage, enabling self-powered systems
for diverse applications, including wearable electronics, auton-
omous sensors, and intermittent energy environments. Our
approach builds on these breakthroughs, further optimizing
edge computing applications under low-light intensities.

Although integrated photocapacitors have recently achieved
light-to-charge storage efficiency of up to 21.6% (not overalll
effciency),*® further improvements in active material proper-
ties, interface quality, and device integration are necessary to
enhance performance and commercial viability. The primary
challenge remains in the development of materials and archi-
tectures that can efficiently harvest low-intensity light while
minimizing energy losses during storage. Additionally, the
demand for sustainable, non-toxic, and easily processed mate-
rials adds complexity to the design of these systems (Fig. 1a).

Our approach systematically targets these challenges by (i)
exploiting DSCs for their proven low-light harvesting capabil-
ities, (ii) introducing polyviologens materials including PV1
and the newly synthesized PVN for stable, high-capacitance
energy storage, and (iii) integrating these components within a
three-terminal architecture to minimize charge recombination
and optimize stored voltage. This innovative photocapacitor
technology is designed for efficient operation under ambient
indoor lighting, achieving high photocharging voltages. By
employing a three-terminal architecture, we overcome the
inherent limitations of traditional two-terminal designs, reducing
charge recombination and maximizing energy storage efficiency.
Unlike photo-assisted supercapacitors requiring external bias or
additional wiring, our three-terminal device integrates the solar
cell and supercapacitor through a common PEDOT counter elec-
trode. This unified design enables direct energy transfer from DSC
to supercapacitor in real time without extra leads. This continuous
charging capability aligns with the all-in-one architecture first
defined by Murakami and Miyasaka."®

At the core of this innovation is the development of asym-
metric supercapacitors (ASCs) with polyviologen materials (PV1
and PVN) as the positive electrode, a bio-based fungal-based
membrane as the separator, and carbon-based negative elec-
trodes. Viologen compounds are well-known for their efficient
two-step redox reactions and exceptional thermodynamic sta-
bility, making them highly promising for long-term reliability
in electrochemical energy storage. As highlighted in the com-
prehensive review by Bird and Kuhn,"* and supported by
subsequent studies,*>** polyviologens stand out due to their
high capacitance, low reorganization energies (0.1-0.2 eV), and
robust cycling performance. While PV1 has been previously
reported, PVN is newly introduced in this work, representing a
significant advancement in polyviologen-based electrode mate-
rials. Its distinctive V-shaped conformation improves ion acces-
sibility and facilitates more efficient charge transfer, resulting
in superior electrochemical performance. Compared to mono-
meric viologens, the polymeric forms PV1 and PVN investigated

Energy Environ. Sci., 2025, 18, 4704-4716 | 4705


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee01052g

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 23 April 2025. Downloaded on 1/14/2026 1:33:58 AM.

(cc)

Energy & Environmental Science

View Article Online

Paper

Polyviologen (PV)

y tric Super: it -

a) A

Ambient Photocapacitor

Smart and self-powered
loT networks

|-

(ASC)

Asymmetric Supercapacitor

Photocharging

(SC)
s il o0 | 8
: 2iie® B
&1 N /
eIectrpIyte

b)lj(% }J,e

Dication Form

Charge Storage — Light Harvestmg 1

/.

3-Terminal 1
Ei

c) 3 d) 20u PV ~ €)300u1 PVN/CHIIC
/
5 PVN 0 PVN — | =
3 - 200
s, —PV1 < rd / o <N
3 2 -20p / £ 100y /
8 £ £ / 7 1omvis
2 5 -40u = 0+ 7 25mVis
g1 o o 50 mV/s
] = ] 75 mV/s
< -60u 100u 100 mV;
i sl | 200 150 mut
200 300 400 500 600 700 800 -5 10 -05 00 05 10 00" 03 06 09 12 s
Wavelenth (nm) Voltage (V) vs Ag/AgCl ’ ’ i ’ ’ ’
Voltage (V)
1.2 =140 =
f) 50 uA 9) D ——PVIICHIC)| h) R
75 UA i 120 - > = PVN//CHIIC =
" 100 UA E <o -PVA/INIIC 5 —— PV1/ICHIIC
S o8 125 uA| ® 100 ——- PVN//N/IC £ 80 PVN/CH/IC
S 150 uA| = @
[ < 804 -
206 175 UA s 9 60
8> 200 uA| 3 60 - @
° 225 uA| © oUq S e e e P~ e o
= 04 250 UA g 401 e £ 40
275 uA o =
0,2 o S 20
& 20 g
0,0 - . . . . @ ol : 33 S S o
0 100 200 300 400 500 & 50 100 150 200 250 300 0 500 1000 1500 2000 2500 3000
Time (s) Current (uA) Cycles (#)

Fig. 1

(a) Ambient photocapacitor concept (b) scheme of reversible redox reaction and chemical structures of PV1 and PVN, (c) UV-vis of PV1 and PVN in

MeOH, (d) CVs of PV1 and PVN in MeOH, (e) CVs of supercapacitors with PV1 and PVN and fungal-based membrane, (ff GCD measurements for
supercapacitors with PV1 and PVN with fungal-based membrane (PVN//CH//C), (g) specific capacitance as a function of scan rate for supercapacitors
with fungal-based and Nafion as membranes, (h) specific capacitance as a function of discharge current for supercapacitors with fungal-based and
Nafion as membranes, (i) capacitance retention vs. cycles for the best performing supercapacitors.

here offer markedly enhanced charge storage potential. PV1
achieves specific capacitances up to 100 mF g ', while PVN
demonstrates nearly 100% retention over 3000 cycles. These
characteristics motivated our focus on viologen-based electro-
des for photocapacitor integration, enabling rapid redox
kinetics, high photovoltage tolerance, and excellent long-
term electrochemical stability. Our electrochemical charac-
terization further demonstrates that polyviologen-based ASCs
achieve specific capacitance values up to 120 mF g~ ' when
coupled with fungal-based bio membranes. Through care-
ful molecular engineering and systematic electrochemical

4706 | Energy Environ. Sci., 2025, 18, 4704-4716

characterization, we have tailored these materials to achieve
unprecedented performance in ambient light harvesting and
storage. PVN exhibits a unique V-shaped conformation, in
contrast to the linear structure of PV1. This distinct structural
configuration, characterized by its biphenyl-dioxy functional
groups, significantly enhances ion accessibility and facilitates
superior charge transfer. Density functional theory (DFT)
calculations reveal that the V-shaped conformation of PVN is
energetically favorable by 0.1 eV compared to its U-shaped
alternative, contributing to its enhanced stability and poly-
merization tendency.

This journal is © The Royal Society of Chemistry 2025
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The optimized devices achieve photocharging voltages of up
to 1.1 V under 1 sun illumination and 920 mV under 1000 lux
ambient light, with power conversion efficiencies surpassing
30% and photocharging efficiencies up to 18%. This perfor-
mance significantly outpaces existing technologies, setting a
new benchmark for indoor energy harvesting. Furthermore, the
ASCs incorporating fungal-based membranes demonstrated
superior performance compared to devices with commercial
Nafion membranes. The exceptional stability of the PVN-based
supercapacitors is reflected in their capacitance retention,
maintaining 100% of their original capacity after 3000 charge-
discharge cycles. This combination of high voltage output and
long-term stability makes these photocapacitors ideal for
extended use in IoT applications. To demonstrate the real-
world applicability of our photocapacitors, we successfully
powered a wireless, battery-free, three-layer IoT network for
72 hours using only ambient light. This network implemented
machine learning-based edge computing, highlighting the
potential for complex data processing in energy-autonomous
systems. Our PC-powered IoT system demonstrated perfor-
mances approximately 3.5 times superior to that of commercial
amorphous silicon modules, executing 1.90 vs. 0.54 predictions
per hour at 1000 lux and 0.1 vs. 0.03 predictions per hour at
200 lux (7 vs. 2 predictions in 72 hours, respectively). Our work
marks a significant advancement towards accomplishing the
full potential of the Internet of Things, paving the way for a
future where intelligent, self-powered devices seamlessly inte-
grate into our built environment, continuously sensing, proces-
sing, and communicating data to enhance our understanding
and management of the world around us.

Polyviologen supercapacitors

Viologen compounds, recognized for their reversible redox beha-
vior and strong thermodynamic stability, offer a promising path-
way for developing high-performance supercapacitor electrodes.
During a redox reaction, viologens transition through three states:
the oxidized form (V**), the radical cation (V') and the neutral
state (V°), Fig. 1b.** Additionally, viologens exhibit intramolecular
optical charge-transfer complexation and favourable charge trans-
fer characteristics, high capacity, fast charging, and outstanding
stability.*> These characteristics make polyviologens suitable for a
wide array of technologies, including electrochromic devices,
diodes, transistors, memory devices, molecular machines, super-
capacitors, battery electrodes, hydrogen generation and gas sto-
rage, on-chip micro-supercapacitors (MSCs), and DSCs."*¢>*

View Article Online
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We used the Zincke reaction to afford well-defined PV1 and
PVN derivatives, controlling chain length and functional groups to
optimize redox performance for integrated photocapacitors.>*>*
The synthesis of polyviologens featuring a viologen moiety and
extended chains with diverse functional groups in the backbone
imparts long-term stability, resulting in excellent cycle perfor-
mance. Furthermore, by modifying the functional substrates, the
cavity size can be controlled, leading to the formation of a porous
host material.*** Linear polyviologens such as PV1 (Fig. 1b), have
previously been studied as anodic battery materials, demonstrat-
ing high areal and volumetric current densities when mixed with
reduced graphene oxide (rGO). The resulting PV1@rGO compo-
sites showed 13.3 mA h em™2 at 460 um and 288 mA h cm ™~ with
98% Coulombic efficiency at current densities up to 1000 A g~ *.*?
In this work, we introduce a novel non-linear polyviologen mate-
rial, PVN, by modifying the bipyridyl core chains, and compare
its performance as a supercapacitor electrode with that of the
previously studied linear polyviologen material, PV1. This com-
parative analysis aims to highlight the unique advantages of PVN
in terms of stability, charge storage, and overall electrochemical
performance.

The reversible redox behaviour of viologens was confirmed
through cyclic voltammetry measurements, where the com-
pounds were deposited on fluorine-doped tin oxide (FTO) and
dried before testing. For PV1, we note in Fig. 1d at —0.300 V and
—0.315 V the PV*'/PV" reaction, while the second reaction was
observed at —0.450 V and —0.670 V consistent with a quasi-
reversible redox related to bipyridyl ring reductions (see
Table 1). We note that the slight overlap with oxygen reduction
around —0.315 V can lead to an apparent irreversibility in the
blue CV curve of PV1. To confirm intrinsic reversibility, we
conducted additional cyclic voltammetry at different scan rates
(Fig. S7, ESIY), which yielded well-defined redox peaks with
minimal peak splitting (<40 mV at 20 mV s~ '). Thus, the
irreversibility in the original measurement is largely an artifact
of unintended O, reduction in air-saturated solvents.

The PVN viologen (Fig. 1b) showed reversible behaviour for
both oxidation/reduction processes. For both polyviologens,
the first reduction step caused a transition in the color from
the yellowish of PV*" to the violet-blue of PV', and subse-
quently to the yellow-brown of PV°. Cyclic voltammograms at
different scan rates are provided in Fig. S7 (ESIT), where it can
be observed that the oxidation and reduction peaks remain
relatively constant across varying scan rates. The reversible
behavior of these polyviologens indicates that high cyclability
can be achieved when these materials are used in super-
capacitors.

Table 1 Cyclic voltammetry parameters for the tested polyviologen materials

oxd 1 Red 1 Ey1 oxd 2 Red 2 Ey 2
Polyviologen (V vs. Ag/AgCl) (V vs. Ag/AgCl) (V vs. Ag/AgCl) (V vs. Ag/AgCl) (V vs. Ag/AgCl) (V vs. Ag/AgCl)
PV1 solution —0.3 —0.315 —0.3075 —0.45 —0.67 —0.56
PV1 electrode —0.24 —0.33 —0.285 —-0.71 —0.62 —0.665
PVN solution —0.156 —0.275 —0.2155 —0.397 —0.68 —0.5385
PVN electrode —0.129 —0.32 —0.2245 —0.393 —0.73 —0.5615

This journal is © The Royal Society of Chemistry 2025
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After evaluating the redox behavior of PV1 and PVN in
solution, we proceeded to fabricate asymmetric supercapacitors
using these polyviologens as the positive electrode material on
FTO substrates. The devices featured either Nafion or fungal-
based membranes and a gel-like electrolyte composed of
sodium alginate, while carbon-based electrodes on FTO served
as the negative electrodes. The supercapacitors were rigorously
tested to assess their energy storage capabilities. The specific
capacitance of the devices was calculated using eqn (2) and (1),
derived from both cyclic voltammograms (CV) and galvano-
static charge-discharge (GCD) curves.

C:jZI(V)dV

1

2mvAV ™
IAt

= 2
AVm )

The average specific capacitance values, derived from data
across four devices for each configuration as a function of scan
rate, were calculated from voltammograms (e.g., Fig. 1e) using
eqn (1) and are summarized in Fig. 1g. Devices with PV1//CH//C
demonstrated capacitance values ranging from 50 mF g~ ' at
10mVs 'to35mFg "at150 mV s~ ' compared to 35 mF g~ " at
0 mV s to 22 mF g ' at 150 mV s ' for PVN//CH//C.
In contrast, devices utilizing Nafion membranes exhibited
substantially lower capacitance across both PV1 and PVN con-
figurations, coupled with a pronounced initial decline in capaci-
tance, which led to markedly shorter discharge times compared to
devices with fungal-based membranes.

The GCD was evaluated at various current densities for
devices employing PV1 and PVN as the positive electrodes
and Nafion or fungal-based membranes (Fig. 1f). The discharge
profiles from the GCD measurements are shown from Fig. S8-S11
(ESIf). The mean values of the calculated capacitance from GCD,
based on data from four devices for each configuration, are
summarized in Fig. S12 (ESIt), and displayed in Fig. 1h, where
it can be observed that devices with fungal-based membranes
exhibit longer discharge times than those with Nafion mem-
branes for both polyviologens. Devices incorporating PV1 with
fungal-based membranes demonstrated superior capacitance
values compared to those using PVN, as revealed by GCD data.
PV1-based supercapacitors showed capacitance values ranging
from 100 mF g~ " at 50 pA to 85 mF g~ " at 275 A, whereas PVN-
based devices displayed lower values, from 67 mF g~ " at 50 pA
to 45 mF g~ ' at 275 pA for the PVN//CH//C configuration.

Notably, capacitance values from CV were consistently lower
than those from GCD measurements. This difference arises
from the distinct measurement methodologies: GCD applies a
steady current, which allows a more complete assessment of
the materials charge storage capacity by giving ions in the
electrolyte sufficient time to diffuse and access all active sites.
In contrast, CV applies a varying voltage, and at higher scan
rates, the charge transfer process may be incomplete, limiting
the utilization of all active sites. CV is also more prone to
electrode polarization, which can further lower capacitance
values by reducing the effective voltage window. Additionally, GCD

4708 | Energy Environ. Sci., 2025, 18, 4704-4716
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captures both faradaic and non-faradaic processes more effec-
tively than CV, particularly in systems where faradaic reactions
are slower. These factors explain why GCD measurements often
yield higher capacitance values compared to those obtained
through Cv.>°

Comparing the performance of devices with Nafion versus
fungal-based membranes, it is evident that replacing fungal-
based with Nafion reduces capacitance for both polyviologens.
The best-performing asymmetric supercapacitors, featuring
PV1 and PVN as the positive electrodes, fungal-based mem-
branes, and carbon-based negative electrodes, were subjected
to long-term cycling tests. As depicted in Fig. 1i, devices with
PVN electrodes exhibited exceptional performance, retaining
nearly 100% of their initial capacitance after 3000 consecutive
charge/discharge cycles. While PV1 exhibits higher specific
capacitance (~100 mF g~ ') compared to PVN, it experiences
a significant ~60% loss in capacity after 3000 cycles. This
deterioration is evident from the cyclic voltammogram shown
in Fig. 1d, where PV1 exhibits a pseudo-reversible oxidation/
reduction peak along with irreversible reduction peaks, causing
redox-site degradation.

This instability arises from PV1s greater structural strain
during redox transitions, as indicated by its higher reorganiza-
tion energy (0.35 eV vs. 0.2 eV for PVN) and linear conforma-
tion, which is more prone to distortion under repeated cycling
In contrast, PVNs biphenyl-dioxy-bridged ‘“V-shaped” structure
enhances bonding stability, reduces mechanical stress, and
prevents deterioration. Its lower formation energy (AGy) further
strengthens the polymer backbone, minimizing irreversible
side reactions and chain fragmentation. These characteristics
explain the stark difference observed in Fig. 1d, where PVN
shows fully reversible redox peaks, while PV1 exhibits irrever-
sible reduction features. Overall, PVNs superior charge-discharge
stability makes it the preferred choice for long-term applications,
while PV1 may be advantageous in scenarios prioritizing higher
initial energy storage. These findings highlight the crucial role of
molecular architecture in determining supercapacitor longevity
and efficiency.

Electrochemical impedance spectroscopy (EIS) was performed
to elucidate the fundamental properties of the polyviologens and
charge transfer processes at the electrode-electrolyte interface.
Nyquist plots obtained from EIS measurements at different
voltages (Fig. S18, ESIt) were simulated using the equivalent
circuit shown in Fig. S18a (ESIt). The extracted results from the
simulations are summarized in Table 2. The internal resistance
(Rseries) is notably lower for devices utilizing Chitosan films as
membranes,contributing to higher charge/discharge rates com-
pared to those with Nafion membranes. Additionally, the charge

Table 2 EIS parameters measured at 1 V

SupercapaCitor Rserics (Q) RCT (Q) ZW (Q) CEDL (F) Cdiff (F)

PV1//CH//C 9.3 110.2 885 5.86 x 107 % 1.53 x 107 *
PV1//N//C 13.1 45 10.2  7.63 x 107° 7.29 x 10°*
PVN//CH//C 9.9 68.7 54.7  4.49 x 107° 1.02 x 107 *
PVN//N//C 13.5 1.5 13.4  2.07 x 107" 6.59 x 10°%

This journal is © The Royal Society of Chemistry 2025
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transfer resistance (Rcr) is significantly higher for both PV1 and
PVN when employing fungal-based films, suggesting reduced
charge recombination rates between the electrode surface and
the gel electrolyte. Interestingly, the higher RCT with fungal-
based membranes suggests improved separation between elec-
trode and electrolyte, possibly lowering recombination losses
while extending discharge time. The Warburg impedance (Zy)
represents the ion diffusion in the electrolyte on the electrode
interface.”” Interestingly, the Zy for devices with fungal-based
films is higher compared to those with Nafion membranes. This
increased Zyy correlates with the longer discharge times observed
in the fungal-based devices, indicating that the higher impedance
may facilitate a slower, more controlled ion diffusion process,
ultimately extending energy release. The capacitance values
obtained from the EIS data follows the same trend observed
from the GCD curves in Fig. S18 (ESIY).

The electrochemical stability of PVN could be attributed to
its intrinsic material properties, which better resist degradation
under repeated cycling. This includes improved preservation of
redox-active sites and reduced formation of detrimental bypro-
ducts, both of which contribute to sustained high capacitance
over extended cycles. Additionally, the improved charge trans-
fer dynamics observed in the EIS data suggest that PVN has
superior electronic conductivity and more favorable interac-
tions with the electrolyte, further enhancing the efficiency of
charge storage and retrieval. These factors collectively explain
PVN’s advanced performance in maintaining long-term cycling
stability.

Computational modelling of
polyviologens

We investigated the structural and electronic properties of the
synthesized polyviologens PV1 and PVN by means of advanced
density functional theory (DFT) calculations.”® Fig. 2a illus-
trates the minimum-energy structures for the monomer, dimer,
and trimer derivatives of both compounds, optimized at the
PBEO0-D3(BJ) level of theory. While PV1 adopts a linear con-
formation upon dimer and trimer formation, we found two
distinct conformations for PVN: a U-shaped structure (labelled
PVNy), left panel in Fig. 2(a) and a V-shaped structure (labelled
PVNy), right panel in Fig. 2(a). The computed infrared (IR)
spectra for the monomer, dimer, and trimer derivatives (Fig.
S28, ESIT) reveal consistent patterns for both viologens, closely
resembling the experimental spectra (Fig. S$28, ESIt). This
strong agreement between computational and experimental
IR spectra suggests a high likelihood of oligomer formation.
Formation energies (AGy) for the dimers and the trimers have
been computed via the following expression:

AGﬁ1_,2 = G, — 2G1 + Gethane (3)
AGf,lﬁg =Gz — 3G1 + 2Gethane (4)
AG‘f,ZA,a = G3 — G; — Gy + Gethane (5)

This journal is © The Royal Society of Chemistry 2025
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where G, is the free energy at PBE0-D3(BJ) level of theory of
monomer (n = 1), dimer (n = 2) and trimer (n = 3), and Gethane
the free energy of an ethane molecule; all free energies are
computed in water. The scheme from Fig. 2b presents the
energetic data for these formations, providing insights into
the stability of the oligomerized structures.

Both viologens exhibit slightly positive formation energies
(~0.2-0.4 eV) for dimer [PV], and trimer [PV];, which are
consistent with their tendency to polymerize. For [PV1],, the
dimer formation energy is about half that of the trimer (AGg; ., »
~ 0.24 eV vs. AGs, 3 ~ 0.44 €V), while for PVN, the difference
between dimer[PVN], and trimer [PVN]; formation energies is
minimal (only 0.06 V). Notably, PVN shows a preference for a
more linear V-shaped conformation, with the U-shaped struc-
ture being less favorable energetically, requiring more energy
for polymerization (0.76 eV for PVNy vs. 0.60 eV for PVNy). This
suggests that PVN is more likely to adopt the V-shaped configu-
ration, making it more favorable energetically compared to
PV1. Further analysis on molecular orbitals (MO; Fig. S26 and
S27, ESIt) reveals that the electronic structure of both viologens
remains largely unchanged upon dimer and trimer formation.
In all cases, the lowest unoccupied molecular orbital (LUMO) is
distributed primarily on the bipyridyl groups, while the highest
occupied molecular orbital (HOMO) is localized on the benzene
and benzenediol rings attached to the bipyridine moiety of PV1
and PVN, respectively. As polymerization proceeds, more occu-
pied and unoccupied states emerge, all localized similarly on
the bipyridyl and benzene/benzenediol groups. These electro-
nic transitions suggest potential intramolecular charge transfer
mechanisms, aligning with observed behavior in related violo-
gen derivatives.*®

The absorption wavelengths were computed using time-
dependent density functional theory (TD-DFT).>° The ver-
tical excitation energies for the electronic transitions are
listed in Tables S2-S7 in the ESI.f Weak HOMO-to-LUMO
transitions were observed at low energies (~450 nm) in
both viologens, while higher-energy transitions align with
experimental absorption wavelengths (334 nm for PV1
and 348 nm for PVN). Notably, the absorption wavelengths
remain largely consistent across the monomer, dimer, and
trimer forms for PVl (~360 nm) and PVNy (~400 nm).
However, the U-shaped conformation of PVN shows lower
energy bands upon trimer formation (~450 nm), further
suggesting that the V-shaped conformation is more energeti-
cally favorable.

Finally, to shed light on the reductive features of the violo-
gens we computed the internal reorganization energies (4,) and
reductive potentials (E, in eqn (S1), see Experimental section,
ESIt). The computed 4, and E, are listed in Tables S2-S7 in the
ESI. Both viologens exhibit low internal reorganization ener-
gies (0.1-0.2 eV), indicating minimal structural changes upon
reduction, which is favorable for efficient electron transfer
processes. The reductive potentials also align well with experi-
mental data (Table S7, ESIT), further validating our computa-
tional model. Moreover, oligomeric PV has greater reductive
properties compared to monomers, suggesting that PVN, with
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(a) Minimum-energy geometries at PBEO-D3(BJ) level of theory of monomer ([PV]y), dimer ([PV],) and trimer ([PV]3): (top) PV1 and (bottom) PVN.

Two possible conformations of PVN are considered and designated as PVNy (left panel) and PVNy (right panel). (b) Computed formation energies
(egn (3)-(5)) at PBEO-D3(BJ) level of theory of dimer ([PV],) and trimer ([PV]3): PV1, PVNy and PVNy, (from left to right). Color code: C (green), O (red),

N (light blue), H (light pink).

its favorable polymerization tendency, has more advantageous
electrochemical features.

Overall, our theoretical analysis shows that both PV1 and
PVN demonstrate distinct polymerization tendencies and
stable electronic properties suitable for redox applications.
PVN, in particular, shows a preference for a V-shaped confor-
mation, making it more favorable for polymerization than PV1.
Thus, molecular structural differences between PV1 and PVN
likely account for the observed variations in their experimental
electrochemical performance, highlighting the enhanced stabi-
lity and superior capacitance retention of PVN-based super-
capacitors.

4710 | Energy Environ. Sci., 2025, 18, 4704-4716

Photocapacitor device
characterization and performance
Photocapacitors under AM 1.5G illumination

Photocapacitors under AM 1.5G illumination were studied
to evaluate the impact of integrating DSCs with ASCs in a 3-T
configuration. Unlike 2-terminal systems, where the recombi-
nation of extracted charges significantly reduces DSC efficiency,
the 3-T architecture minimizes this issue by enabling indepen-
dent control of the DSC and supercapacitor sections. This
approach preserves the photovoltaic performance during charge
extraction while providing better energy storage capabilities.”®

This journal is © The Royal Society of Chemistry 2025
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In this study, 24 small area photocapacitors were tested under
AM 1.5G conditions, incorporating a DSC of 0.32 cm” into
a 3-Terminal architecture combined with a 0.5 em® ASC for
energy storage. The PC devices were characterized during both
the photocharging process and subsequent constant current
discharge. The potential generated by the PC was monitored
by connecting a potentiostat to the ASC electrodes, allowing
precise tracking of voltage evolution during charging and
discharging. In this integrated configuration, the DSC unit
functions as the light-harvesting component, generating photo-
current, while the polyviologen-based supercapacitor electrodes

Table 3 Statistics of J—V characteristic parameters from 24 photocaps
with a DSC of 0.16 cm? active area under AM 1.5G conditions

Light intensity Voc (V) Jsc (mA em™?) FF (%) PCE (%)

0.99 £ 0.04 14.35 £ 0.33
0.91 £+ 0.06

0.71 £ 0.01 10.08 £ 0.59
0.77 £ 0.02 10.84 + 0.90

1 sun

0.1 sun 1.55 £ 0.03
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store the photogenerated charges. It is important to note that the
supercapacitor itself is not photoactive. Therefore, the standard
J-V curves shown in Fig. S29 (ESIt) serve as direct evidence of the
system’s light-harvesting capability. The J-V characteristic para-
meters of the DSC units are summarized in Table 3, while
statistic plots are shown in Fig. S30 (ESIt). Under standard 1
sun illumination, the 24 DSC units of the photocapacitor devices
(0.16 cm?* each), measured an average Voc of 0.99 + 0.04 V
(range: 0.95-1.10 V), with 1.10 V representing the upper bound of
this dataset. At lower intensities (0.1 sun), the average V¢ was
0.91 £+ 0.06 V (range: 0.85-0.95 V), where 0.95 V similarly
corresponds to the upper limit. The slight variations between
devices likely stem from minor differences in mesoporous TiO,
thickness or dye loading. This aligns well with the observed
distribution in Table 3. During the discharge process, the light
was switched off to measure the self-discharge of the photo-
capacitor, without applying a negative current. As depicted
in Fig. 3c-f (plots for multiple devices in Fig. S32-S34, ESI¥),
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(a) Schematic of the three-terminal photocapacitor architecture. The red area represents the 4.2 cm? light-harvesting unit (DSC), while the blue

area denotes the charge storage unit (supercapacitor with PYN//CH//C). The dashed circle magnifies the complete device, highlighting its compact size
and the integration of both units on a common PEDOT electrode. (b) GCD measurement at 1 pA discharge current after 3 min under 1000 Ix. (c) Voltage

vs. time for the ACS with fungal-based membranes, when the DSC is under 1

sun illumination and (d) 0.1 sun illumination. (e) Voltage vs. time for the ACS

with Nafion membranes when the DSC is under 1 sun illumination and (f) under 0.1 sun illumination. (g) GCD measurements at 10 pA discharge current for
photocapacitors irradiated at 1 sun illumination and (h) 0.1 sun illumination. (i) GCD measurements at 50 pA discharge current for photocapacitors

irradiated at 1 sun illumination and (j) 0.1 sun illumination.
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the PCs integrated with the polyviologen PVN and fungal-based
film membranes demonstrated significantly longer self-discharge
times, exceeding 5000 s under 1 sun and 3500 s under 0.1 sun
illumination, reflecting their superior energy storage capability.
The photocharging process was repeated with the potentiostat set
to apply varying negative constant current values (discharge
currents), as shown in Fig. 3g-j. Data from the galvanostatic
GCD measurements of the full devices are summarized in
Table 4. The photocapacitors with PVN electrodes and fungal-
based membranes demonstrated the highest overall efficiencies,
achieving an impressive 7gyeran Of 3.53% under 1 sun and 5.82%
under 0.1 sun illumination. This superior performance is attrib-
uted to the combined advantages of the polyviologen redox-active
material and the fungal-based membrane’s enhanced ion trans-
port and electrolyte retention capabilities. These results under-
score the potential of PVN-based 3-T photocapacitors for efficient
energy storage in low-light environments, making them highly
suitable for sustainable IoT and energy-harvesting applications.
Although our photocapacitors are optimized for harvesting ambi-
ent light in indoor 10T applications, they also demonstrate strong
performance under higher illumination. Under simulated 1 sun
(AM 1.5G, 100 mW cm?) and 0.1 sun conditions, the devices
achieve photocharging voltages of up to 1.1 V, with total device
efficiencies (oyeran) reaching up to 5.82%. While DSC-only devices
commonly achieve power conversion efficiencies of 10-12%, the
slightly lower overall efficiencies of our devices surpass those of
many state-of-the-art monolithic photo-supercapacitors. This
reduction in overall efficiency reflects the inclusion of both power
conversion and energy storage processes, underscoring the robust
functionality and versatility of our design under both low-light
and high-intensity conditions. Moreover, the ability to power IoT
networks as demonstrated by our work, even with modest overall

View Article Online
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efficiencies, highlights the immense potential for future advance-
ments. Enhancing these efficiencies could pave the way for
significant breakthroughs in sustainable energy storage and self-
powered electronics.

Photocapacitors under ambient light

To investigate the performance of photocapacitors under ambient
light conditions, large-area devices were fabricated, focusing
exclusively on the PVN polyviologen due to its superior capaci-
tance and higher cyclability in both supercapacitors and complete
photocapacitor systems. The characteristic /-V parameters of DSC
with an active area of 3.8 cm” are summarized in Table 5 (plots for
multiple devices in Fig. S37, ESIT). These large-area PCs incorpo-
rate a DSC with a 4.2 cm? photoactive area and a 2.3 cm? ASC, as
depicted in Fig. 3a and Fig. S35 (ESIt). A notable observation is
the substantial potential drop in these large-area PCs designed for
ambient conditions (Fig. 3b and Fig. S40, ESIt), with a drop of
approximately 500 mV, significantly larger than the 50 mV drop
observed under 1 sun and 100 mV under 0.1 sun for smaller-area
PCs. This pronounced drop can be attributed to increased charge
recombination across multiple pathways in the larger hybrid
device, highlighting a key limitation that must be addressed in
future investigations to enhance overall efficiency of the photo-
capacitors. Despite this, a maximum overall efficiency of 18% was
achieved under 1000 Ix illumination from a CFL light source
(reference spectra CIE FL10), as summarized in Table 6. This
underlines the strong potential of large-area PVN-based PCs for
ambient energy harvesting applications. Contrary to conventional
concerns about DSC stability rooted in fully liquid electrolytes, our
device leverages a quasi-solid-state 'zombie’ copper-complex redox
mediator, greatly reducing the risk of solvent leakage.®® This
feature extends the operational lifetime of our design under

Table 4 Characteristic parameters of full devices, illuminating the photovoltaic unit under 100 or 10 mW cm~2 and charging the adjacent polyviologen-

based supercapacitor

Device Power-in (MW em™2)  tgisen (S) £ t0 Vinax (3)  Vimax (V) IR drop (V) C(mF g™ ') Energy (W hkg ") Power (Wh) noveran (%)
PV1-CH-C 100 43.2 2.84 1.03 0.05 44.03 6.49 8.22 2.58
PV1-N-C 100 31.7 4.3 1.01 0.05 32.94 4.67 3.91 1.22
PVN-CH-C 100 60.9 3 1.06 0.05 60.12 9.38 11.26 3.53
PVN-N-C 100 394 3 1.03 0.05 40.11 5.91 7.09 2.22
PV1-CH-C 10 10.0 3 0.925 0.045 11.37 1.35 1.62 5.08
PV1-N-C 10 8.2 3.37 0.98 0.05 8.80 1.17 1.25 3.93
PVN-CH-C 10 34.4 10.11 0.982 0.102 39.00 5.22 1.86 5.82
PVN-N-C 10 44.4 28.43 0.98 0.1 50.35 6.72 0.85 2.66

Table 5 J-V characteristic parameters for 16 DSCs of 4.2 cm? under 1000 Ix from two different ambient light sources

Source Scan direction Mask Voc (V) Jsc (LA ecm™?) FF n (%)
CFL*? Forward Yes 0.89 + 0.02 113 £ 3 0.73 + 0.02 24.2 + 0.9
CFL Forward No 0.90 £ 0.02 126 £ 5 0.73 + 0.01 27.5 + 1.3
CFL Reverse Yes 0.90 + 0.02 113.0 £ 0.3 0.79 + 0.01 26.7 + 1.2
CFL Reverse No 0.91 + 0.02 125 £ 5 0.80 + 0.01 30.0 + 1.3
LED? Forward Yes 0.89 + 0.03 112.8 £ 1.6 0.74 + 0.01 24.4 + 0.7
LED Forward No 0.90 + 0.02 1239 £ 2.5 0.74 + 0.01 27.3 +£ 0.7
LED Reverse Yes 0.89 + 0.03 112.7 £ 1.8 0.79 + 0.02 26.3 + 1.1
LED Reverse No 0.91 + 0.02 123.7 £ 2.5 0.80 4+ 0.01 29.7 + 1.0

“ CIE FL10. ? CIE B4-LED.
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Table 6 Characteristic parameters of full photocapacitor devices, illuminating the photovoltaic unit under 1.5G AM, and directing the produced charges
to the adjacent polyviologen supercapacitor

Device Power-in (MW em ™) fgisen (S) £ t0 Vinax (S)  Vimax (V) IR drop (V) C(mFg ') Energy (Whkg ') Power (Wh) #overan (%)

PVN-CH-C 0.3 2198 23 0.92 0.42 54.67 14.46 2.26 18.00

realistic indoor conditions. After 1000 hours at 1000 lux Under 500-hour temperature/humidity cycling (40 °C, 70%
(25 °C, 50% RH), the photocapacitor retains 95% of its RH, alternating 12 h at 1 sun and 12 h dark), photocharging
capacity, with the DSC maintaining 98% of its initial PCE. voltage retention exceeds 90%. A 72-hour continuous run in
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Fig. 4 loT topologies and core performance metrics. (a) 1-Layer star IoT network for individual device performance (b) 3-layer tree topology with MNIST
inference on layer 2. Layer 1 metrics for device at 1000 Ix, powered by (c) ambient photocapacitor and (d) amorphous silicon. Layer 3 metrics for device
powered by (e) ambient photocapacitor and (f) amorphous silicon.
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Table 7 10T device description and characterization in a single-layer loT
deployment at 1000 [x
Packages Av. sleep
ID/Channel Power source Capacitor s (ms)
2 Photocapacitor AVX (1F) 2.940 340
1 Photocapacitor Maxwell (1.5F) 3.889 256
3 Photocapacitor AVX (1F) 3.364 297
0 Amorphous silicon AVX (1F) 1.522 657
4 Amorphous silicon Maxwell (1.5F) 1.376 726
5 Amorphous silicon Maxwell (1.5F) 1.688 592

an IoT sensor network further confirms the stability of this
quasi-solid-state DSC, ensuring long-term reliability in real-
world applications.

Continuous edge computing in
ambient-powered loT networks

While battery-free IoT devices have become more ubiquitous
during the last few years, including deployment in real-world
applications,®' efficient network communication remains a
major challenge and research topic.°>®* To demonstrate the
practical applicability and superior performance of our high-
voltage polyviologen-based photocapacitors in real-world sce-
narios, we developed a three-layer IoT network as outlined in
Fig. 4a and b, simulating a fully autonomous IoT network,
implementing control-plane and data-plane functionality on
the battery-free network IoT layers 1-3, using nRF24L01+ for
communication between the nodes:

e Layer 3 simulated a data-acquisition and transmission
node, prepolulated with 100 MNIST images of 14 x 14 (196)
bytes, sending the data to the compute node on layer 2, one
14 byte row per nRF24L01+ package.

e Layer 2 implemented a compute node, containing a
pretrained network for MNIST predictions. Once a full 196 byte
MNIST image was received from layer 3, an inference was
calculated and the result was transmitted to the data relay on
layer 1.

e Layer 1 implemented a data relay, receiving the MNIST
prediction result from the layer 2 compute node, and relaying
the result to the mains-powered node on layer 0 (Table 7).

Layer 0 implemented a mains-powered data-acquisition IoT
controller, receiving and logging data packages from the other-
wise batter-free devices on layer 1-3. Each IoT device in layer
L1, L2, and L3 of the wireless IoT network implemented an
adaptive intermittent sleep algorithm as multiple of 20 ms
single sleep intervals, with a maximum of 250 sleep intervals
(5 seconds), based on two parameters: (1) the sleep cycles of the
sending node contained as a single byte in each nRF24L01+
package, and (2) a PID-controlled sleep based on the voltage of
the buffer capacitor and therefore on the available harvested
energy. The network was benchmarked at 1000 Ix and 250 Ix
and the performance compared to an IoT sensor network powered
by commercially available thin-film amorphous silicon flexible
indoor light harvesting modules (Powerfilm LL200-4.8-3.7).
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The dimensions of the LL200-4.8-3.7 are 9.4 x 3.65 cm with a
(measured) active area of 3.3 x 7.8 cm, thus 25.74 cm®. The PC
IoT nodes were powered by 6 PC modules with an active area
of 4.2 cm® per PC, thus a total active area of 25.2 cm? (Fig. S41
and S42, ESIt). The IoT system powered by the high-voltage
photocapacitors performed roughly 3.5 times better than the
commercial modules, with 137 vs. 39 predictions at 1000 1x (1.90
predictions per hour vs. 0.54 predictions per hour) depicted in
Fig. 4c-f and Fig. S44-546 (ESI{), and 7 vs. 2 predictions at 250 Ix
(0.10 predictions per hour vs. 0.03 predictions per hour).

Conclusions

This study demonstrates significant advancements in ambient
light harvesting and energy storage for wide deployment in the
IoT, particularly where real-time analytics and minimal main-
tenance are paramount. We have developed high-performance
photocapacitors that integrate DSCs with novel polyviologen-
based ASCs. The three-terminal device architecture minimizes
charge recombination and maximizes energy storage efficiency.
These devices achieve photocharging voltages up to 920 mV
under 1000 lux indoor lighting, with power conversion efficiencies
exceeding 30%.

The engineered polyviologen material, PV1 and PVN, exhi-
bits specific capacitance values up to 120 mF g~ ' when coupled
with fungal-based membranes. The reversible behavior of both
viologens suggests that high cyclability can be achieved in
supercapacitors incorporating these materials. This insight is
crucial for optimizing the design of photocapacitors, as it
implies that devices using viologen-based systems could main-
tain performance over extended cycles, thereby enhancing their
overall efficiency and longevity. Electrochemical characteriza-
tion reveals the superior performance of PVN-based ASCs,
maintaining 100% capacitance retention after 3000 charge-
discharge cycles. Density functional theory calculations pro-
vided insights into the electronic structure and charge transfer
properties of the polyviologen materials, corroborating experi-
mental findings. The computed low internal reorganization
energies (/) of 0.1-0.2 eV indicated minimal structural changes
upon reduction, favorable for efficient electron transfer processes.

Real-world applicability was demonstrated by powering a
three-layer IoT network implementing edge-based machine
learning for 72 hours using ambient light. The system out-
performed commercial amorphous silicon modules by a factor
of 3.5, executing 137 vs. 39 predictions at 1000 lux. These
results address critical challenges in IoT deployment, offering
a sustainable, high-performance power source for indoor environ-
ments. The combination of high voltage output, excellent cycling
stability, and ability to power complex computing tasks represents
a significant step towards autonomous, maintenance-free IoT
networks.

Future research should focus on optimizing polyviologen
molecular structures, investigating scalable manufacturing
techniques, long-term stability studies under varied environ-
mental conditions and reducing the drop-potential in the

This journal is © The Royal Society of Chemistry 2025
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overall device under dark cycles. This work establishes a foun-
dation for the next generation of ambient energy harvesting
technologies, potentially enabling widespread deployment of
autonomous sensing networks in indoor environments.
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