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Abstract

Over the past few years, smart textiles and wearable technologies have received
tremendous attention due to their functionalities and characteristics, which could be used in a
variety of ways in healthcare, sports/leisure, fashion, military, personal protective, and energy
applications. These technologies depend on self-power systems, which require energy sources
(e.g., batteries, supercapacitors, and solar cells) to power their projected functionalities in the
future. Therefore, fabricating energy harvesting cells (i.e., solar cells) and energy storage cells
(i.e., batteries and supercapacitors) in the form of fibers are promising solutions for powering
wearable electronics due to their unique features such as flexibility and stretchability.

In this dissertation work, several projects and research works were carried out to fabricate
and characterize two-terminal energy harvesting and storage devices based on a photoactive gel
electrolyte. First, the photoactive composite gel containing polyaniline (PANI) was investigated
by studying the effect of aniline (ANI) concentration in the bulk of the gel electrolyte on the
impedance, capacitance, and photovoltaic performance of the devices. It was found that 0.3 M of
ANI improves the energy storage and reduces the device's impedance, while the photovoltaic
(PV) performance can be improved with 0.2 M of ANI.

The performance of the two-terminal hybrid cell can also be enhanced by optimizing the
counter electrode materials. As a part of this research work, the impact of the counter electrode
on the electrochemical and photovoltaic properties of the hybrid cell was considered by studying

various counter electrodes made from carbon nanotubes (CNTs), a conducting polymer, carbon

X



monolithic, and carbon fibers. The results showed improvement in the hybrid cell's impedance,
self-discharge, and energy storage performance with PEDOT:PSS as a conducting polymer.
However, improving the capacitance of the hybrid cell with carbon fiber fabric and carbon
monolithic electrodes negatively affects the PV performance and vice versa.

Moreover, three different symmetric thread-based supercapacitors with twisted structures
were fabricated in order to study the electrochemical properties of the conductive threads (i.e.,
Jameco, JL, and BCP) and the impact of the structure on the device performance. The results
revealed that the Jameco-based device provides a higher capacitance, and the capacitance is
directly related to the number of twists due to the uniformity of the Jameco thread surface.

Finally, a flexible fiber-shaped hybrid device was successfully fabricated using the
photoactive gel electrolyte and two conductive threads. The device was also examined with three
different anode electrodes (i.e., Ny66-Ag, Ny66-Ag/CNT, and Ny66-Ag/CNT/ZnO-NWs) to
improve the energy storage and PV response of the device. The results showed that the energy
storage improved with the Ny66-Ag/CNT electrode, while the PV response increased with the

Ny66-Ag/CNT/ZnO-NWs electrode.



Chapter 1: Introduction
1.1 Background

Over the past half-century, fossil fuel consumption has increased significantly due to the
industrial revolution and global population growth, leading to climate change [1]. Recently, the
interest in renewable energy has grown significantly to address the climate change [2, 3].
Therefore, governments, organizations, and researchers have made a great effort to develop and
improve the efficiency of systems using renewable energies, especially solar and wind. However,
there are still major obstacles that limit the applications of renewable sources including their high
cost, stability, availability, and challenges in energy harvesting and energy storage devices.
Improving the performance of energy storage devices, such as batteries and supercapacitors, and
the efficiency of solar energy harvesting devices (i.e., solar cells) is a crucial factor in the
development of renewable energy technologies.

Supercapacitors are electrochemical energy storage devices with a higher power density
and the ability of being charged and discharged faster than batteries [4, 5]. With the rising
development of the electric vehicles market, as well as the renewable energy industry,
supercapacitors can play an important role in some applications where high-power density is
needed. Supercapacitors can be classified into three types based on their energy storage
mechanism: electric double-layer capacitors, pseudocapacitors, and hybrid capacitors.
Supercapacitors, including electric double-layer capacitors (EDLCs) and pseudocapacitors, have

a low energy density, at least 10 times lower than batteries, and a relatively high self-discharge



rate that restrict their use as an alternative to batteries [6, 7]. To improve the low energy density
in supercapacitors, developing new electrode materials that have high porosity is needed [8].
Several approaches and electrode materials have been studied to enhance capacitance and energy
density in supercapacitors [8, 9]. Generally, the electrode materials of supercapacitor can be
classified into three main types: carbon-based materials, conducting polymers, and metal oxides
[10].

In recent years, the need to develop flexible supercapacitors has increased due to the
increasing demand for portable and wearable electronics equipment and applications. Among
different flexible supercapacitors, fiber-based supercapacitors are promising devices, which
could be used in several industrial fields such as electronics manufacturing, sports apparel,
military garments, and medical applications [11-13].

1.2 Motivation of the Work

Science is making rapid steps towards the era of artificial intelligence and the internet of
things to provide an intelligent future that can enhance the speed, accuracy, and effectiveness of
research, human, and industrial efforts. Therefore, the new generation of electronics must keep
pace with this development and if it is necessary those can be completely unlike traditional
electronics in terms of shape, flexibility, functionality, and performance. According to Grand
View Research, the global market size for the wearable electronics market was USD 32.63
billion in 2019, and it is expected to reach USD 104.39 billion in 2027 [14].

Currently, majority of the wearable electronics are made of circuits being fabricated on a
flexible substrate and glued/sewn to fabrics [15]. Such structures lack the required flexibility for
convenient wearable electronics. Hence, the focus is drifting toward fiber-based devices and

systems that can be integrated into a fabric. Considering the required powers for such electronics,



fiber-shaped supercapacitors and fiber-shaped solar cells have attracted some scientific
attentions. However, the low efficiency in the fiber-shape solar cells, the low energy density, and
high self-discharge in supercapacitors are among challenges that require scientific studies [16].

Integration of electrochemical energy storage and harvesting in a single fiber-based
hybrid device is a promising feature for wearable applications. However, some issues and
challenges need to be overcome, such as low efficiency, low mechanical and electrochemical
stability and performance, complexity and high cost of fabrication, and safety issues [17].
Therefore, there are great research opportunities to contribute to improving the performance and
solving problems related to such devices.
1.3 Research Objectives

This dissertation aims to design and fabricate fiber-shaped hybrid energy storage and
harvesting device with a photoactive gel electrolyte, low cost, simple structure, high mechanical,
photoelectric, and energy storage performance for wearable applications. Three main objectives
were determined to achieve the aim of this dissertation. The first objective was to study the effect
of aniline (C¢HsNH2) concentration in polyaniline (PANI)-based gel electrolyte on the
impedance and energy harvesting and storage performance of a two-terminal hybrid device. The
device was made using a titanium dioxide (TiO2) coated fluorine-doped tin oxide (FTO) glass
electrode, a carbon nanotube (CNT) electrode, and the photoactive gel electrolyte.

The second objective was to investigate the effect of device structure on the capacitance
and impedance of fiber-shaped supercapacitors. More focus was placed on studying the effect of
twist on the electrochemical properties of three thread-based symmetric supercapacitors. The

devices were fabricated using three conductive threads (silver-coated nylon 66, stainless steel



blended with polyester, and stainless steel thread) as electrodes and polyvinyl alcohol (PVA)-
based gel electrolyte.

After studying the photoactive gel electrolyte, (in the first objective), and fiber-shaped
device structure (in the second objective), the third objective was to transfer the approach used to
fabricate the two-terminal flat hybrid devices for making fiber-shaped flexible hybrid energy
harvesting and storage devices. The devices were made using two conductive threads and the
photoactive composite gel electrolyte with a twisted configuration and simple fabrication
method.

1.4 Scope of the Dissertation

This dissertation work focuses on the fabrication and characterization of fiber-shaped
hybrid energy harvesting and storage devices based on a photoredox active gel electrolyte for
wearable electronics applications. A number of studies have been conducted regarding the
electrochemical properties and structure of the devices. Chapter 2 provides a review and
discussion on different types of hybrid cells and their applications in electronics and wearable
electronics. Chapter 3 presents the experimental results of different concentrations of aniline in
the composite gel electrolyte and their effects on the performance of the hybrid cells. In order to
optimize the energy storage of the two-terminal hybrid device, different materials for the counter
electrode are investigated in Chapter 4. The structures of fiber-shaped supercapacitors and their
effect on the electrochemical properties are studied and discussed in Chapter 5. A flexible fiber-
shaped hybrid device based on a photoactive gel electrolyte is reported in Chapter 6. Chapter 7

presents the conclusion of the dissertation and recommendations for future work.



Chapter 2: A Critical Review on the Voltage Requirement in Hybrid Cells with Solar
Energy Harvesting and Energy Storage Capability’

2.1 Abstract

Energy storage is essential in many electrical and electronic applications powered
through solar cells. This has motivated many research groups around the world to design single
hybrid cells with the capability of both energy harvesting and charge storage. Despite the general
perception of being able to make more compact and lower-cost solar panels with hybrid cells, as
compared to conventional energy systems with separated panels and batteries, there are
drawbacks in the series connection of hybrid cells in a panel form. These drawbacks are
discussed in this review. The focus of the current manuscript is on the application of single
hybrid cells in low-voltage and low-power electronics and wearable electronics. The voltage
requirements in those applications are discussed and two-terminal and three-terminal hybrid cells
are reviewed. Promising technologies are highlighted in the conclusions.
2.2 Introduction

The constant growing concerns on global warming have been a great motivation for the
development of green energy technologies in recent years. Particularly, methods and devices for
solar energy harvesting have been improved significantly [18, 19]. However, due to the

intermittent nature of solar power, a mechanism has to be employed to store energy and supply it
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during times that the consumption is higher than electricity production. That includes not only
night times, but also early morning and before sunset hours when the harvested solar power is
significantly low. In most places, solar power is reliable on average for less than 8 hours a day
[20]. Further, weather conditions can have a significant impact on the availability of solar energy
during a day. In this regard, designing a system with adequate output power and storage capacity
is critical to ensure electric power availability.

Along with the fast-growing technologies of photovoltaic (PV) cells and electrochemical
storage devices (i.e. batteries and supercapacitors), many research groups have been working on
hybrid devices and systems for solar energy harvesting and storage. A broad range of novel
approaches, some as simple as integrating two devices in one package and some with devised
structures using emerging materials, have been demonstrated to address the interest in
developing hybrid cells. Also, in recent years, a few good review papers and book chapters have
been published explaining the mechanisms used in various designs [21-32]. Almost all the
review articles in this field include tables with reported energy conversion efficiency,
capacitance density, cell voltage, and other parameters. While the information may help a reader
learn about different approaches, the conditions under which each device has been tested are
different. Hence, their performances cannot be easily compared, making the development of a
standard testing procedure for hybrid devices very desirable. Taking into consideration the
contributions of scientists and researchers to the field of hybrid devices, this paper is written as a
critical review to address the need of using hybrid devices and discussing challenges in different
approaches to meet the requirements for practical applications. The focus of this review is to
emphasize that hybrid devices address a niche market that must be considered in designing and

developing new devices, because the use of hybrid devices in every solar energy systems is not



commercially justified. In the next section we will review the following: (i) the conventional
method of using solar panels with external batteries; (ii) the technical challenges in using hybrid
devices for making a hybrid solar panel; (iii) the specific market for hybrid devices for powering
low-power and low-voltage electronics; and (iv) The various topologies of using a solar cell and
a storage unit. The rest of the paper is dedicated to reviewing the output voltage of various types
of hybrid devices, emphasizing the promising technologies for powering low-voltage electronics.
2.3 Two Basic Types of Hybrid Devices

In this review, hybrid cells are classified into two categories: three-terminal and two-
terminal devices. As shown in Figure 1 (a), many of the hybrid devices contain a single solar cell
and an energy storage cell in a single package. The storage part is usually a battery or a
supercapacitor (SC). In this configuration, the two devices are sharing an electrode and a
switching mechanism (S1 in Figure 1 (a)) to control charging and discharging cycles. On the
other hand, two-terminal devices (Figure 1 (b)) rely on photoelectrochemical reactions for
concurrent energy conversion and storage. It should be noted that the designs with an integrated
miniaturized solar panel (i.e., several PV cells connected in series) and an energy storage cell are

called solar energy systems or power packs and not considered as hybrid cells.

(a) (b)

Figure 1: Schematic of (a) a three-terminal and (b) a two-terminal hybrid cell. (a) Switch S1 is
needed for controlling the charging and discharging cycles in the storage.



2.4 Conventional Approach of Solar Panels with External Batteries

Semiconductor or semiconductor-like materials (e.g. dyes in dye-sensitized solar cells-
DSSCs) are required for making PV cells. The energy gap in those materials allows photons to
be absorbed and generates an electron-hole pair for each absorbed photon. Considering the solar
radiation spectrum, theoretical calculations, known as ‘“Shockley-Queisser Limit”, give the
highest conversion efficiency in material with the energy gap of 1.1 eV [33]. Regardless of the
type of PV cell, the material property (energy gap) defines the energy difference between the
photogenerated electrons and holes and consequently the highest voltage that can be achieved
from a single PV cell (i.e., equal to the open-circuit voltage (Voc)) will be less than the voltage
associated to the material bandgap. In fact, due to the voltage drop inside a PV cell, Vo in all
devices is less than the energy gap of the photovoltaic material. For example, typical Vo in a
crystalline silicon-based solar cell is ~0.7 V while the silicon bandgap is 1.12 eV [34]. Although
the highest reported V. of a perovskite solar cell (PSC) is 1.22 V [35], the majority of solar cells
have V,:<1.0V. As shown in the current-voltage (I-V) characteristics of a typical solar cell
(Figure (2)), the value of V. depends on the light intensity.

On the other hand, almost in all applications, voltages much higher than 1.0 V are
required. For instance, solar-powered traffic lights use voltages of 12-48 V DC. To generate the
required voltage, in each application, solar panels are made with several cells connected in
series. To store the energy produced by a panel with a voltage much higher than 1.0 V, the most
energy efficient and economical option is to use a battery and a solar charge controller module
(Figure 3 (a)). Most of the commercially available charge controller modules have an internal
circuit for tracking the maximum power from the solar panel and monitoring the state of charge

in rechargeable batteries [36, 37].
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Figure 2: Typical I-V characteristics of a solar cell. The responses for operation under full and
half sunlight intensities are shown.

As shown in Figure 2, the maximum output power of a solar cell is obtained when the
solar cell operates at the point where VI is a maximum (Vv and Ium), for a specific solar intensity
(Im and Vum are not constant and change with sunlight intensity (Figure 2). Therefore, a direct
connection of a solar cell (or a panel) to a load or an energy storage device does not produce
maximum power and can result in large power waste. For this reason, smart charge controller
units are designed to constantly monitor the I-V response of the solar cell (or panel) and adjust
their input impedance so that the cell operates at its maximum power output at any sunlight
intensity. Additionally, the output of a smart charge control unit matches the output voltage and
current for the efficient charging of an external battery. Even with all these excellent features,
smart chargers are priced substantially lower than the cost of solar panels (in $/watt).

While the conventional solar energy system (shown in Figure 3 (a)) is efficient, the
question is if a panel made of hybrid cells can be superior to a conventional system. A general

perception is that, potentially, using single hybrid cells, more compact and less-expensive panels



can be made than the conventional solar energy systems. Some publications have also justified
the usage of hybrid cells instead of regular PVs in solar panels to achieve lower fluctuations in

their output power when some solar panels are temporarily blocked by clouds [38, 39].
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Figure 3: (a) Conventional solar energy system with a smart charge controller; (b) series
connection of two-terminal hybrid cells; and (c) three-terminal cells each equipped with a charge
control unit. (V= Practical scheme, X= Not efficient).

Unfortunately, as explained here, the application of hybrid cells for making solar panels
is not justified. It is important to consider that the overall energy conversion efficiency in any
approach is critical for designing a compact and low-cost system. Optimizing efficiency in a
solar cell requires choosing materials and design suitable for energy harvesting. Similarly, for
optimum energy storage, the materials and the design of the energy storage unit are critical. In a
hybrid cell, the choice of materials and design of the cell are often compromised (both in two-
terminal and three-terminal devices). Hence, it is very likely that the energy conversion and
charge storage efficiencies in a hybrid device would almost always be lower than the efficiencies

obtained from separated solar and storage cells of similar technologies. Additionally,

10



complications in using smart charge controllers for hybrid cells becomes a drawback. As shown
in Figure 3 (b), a solar panel can simply be made by the series connection of two-terminal hybrid
cells. However, not being able to use a smart charge controller, the overall energy conversion
efficiency under various sunlight intensities is expected to be lower than the conventional
approach with an external smart unit. Even for three-terminal devices where it is feasible to
equip each cell with a maximum power tracking module, the solution is not economical when
each panel is made of several cells and requires a separate charger module for each cell (Figure 3
(c)). Further, in the conventional approach, a solar energy system can be easily customized for a
required power by choosing large enough panels and battery packs with the capacity matching
the generation power and the application need. Customizing the storage capacitance in a hybrid
device for a specific power generation by the PV part requires manufacturing devices with
different geometries or designs, increasing the cost of customized hybrid devices. Hence, despite
the common perception that hybrid PV cells can be used to make PV panels with the integrated
storage feature for at least having low-voltage fluctuation when clouds temporarily block the
sunlight, the system shown in Figure 3.a is more efficient and cost-effective than the alternatives
shown in Figures 3 (b) and 3 (c).

Another motivation for developing hybrid cells is to take advantage of the fact they are
more compact than a system with separate parts. Although in the majority of applications, such
as solar farms, roof-top panels, and even charging stations for electric vehicles, the batteries are
relatively much smaller than the panels and do not occupy any substantial space, there are some
applications like out-door wireless sensors and wearable electronics for which the use of
compact systems can make a significant difference in the final product and cost. The potential for

niche markets can provide scientists and engineers the incentive to focus on hybrid devices for
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specific applications. A great example is the wireless sensors for structural health monitoring
systems (SHMS). For constant monitoring health status of a structure such as a bridge or a
building, it is required to install several hundred sensors on the body of the structure to measure
vibration, temperature, or corrosion rate of the structure and send data to a local hub [40].
Compact sensors can be designed with onboard solar cells and thin and flat energy storage
devices. Since the size and mass of solar cells and energy storage cells are usually significantly
larger compared to the actual electronic circuit, hybrid cells are potential solutions for making
more compact and low-cost sensors. Of course, SHMS sensors are not the only examples and
there are many other outdoor small electronics for IoTs (internet of things) and wearable
electronics that can benefit from a hybrid device.
2.5 Circuit Topologies Using a Hybrid Cell for Powering Low-Voltage Electronics

Today, the majority of electronic circuits need 3.3 V-5.0 V as the supply voltage. Since
no single solar cell can generate that level of voltage, several PV cells have to be connected in
series to make miniaturized panels. In this scheme, as discussed, it is preferred to design a solar
energy system (also known as power pack) with several discrete PV cells and an external battery.
There are small integrated circuits designed for tracking the maximum power in small panels
(e.g., CN3083 from Consonance Electronic) that serve as the smart charge control unit for
miniaturized power packs. A small panel and a battery/SC (with or without the smart charger)
can be integrated into a package for making a compact energy system [41], but the concept of
hybrid devices is based on the integration of a single PV cell with an energy storage unit. Hence,
this review focuses on the application of single hybrid cells, not the compact energy systems.

Recent developments in designing low-power electronics focus on low-voltage integrated

circuits working with voltages less than 1.0 V that can be powered by a single solar cell [42, 43].
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An Example of such integrated circuits is Si1000 from Silicon Labs (Figure 4). Si1000 is an
ultra-low-power microcontroller unit with integrated RF transceiver that can operate with a
voltage as low as 0.9 V. Potentially, the combination of low-power low-voltage electronics and
hybrid devices for solar energy harvesting and energy storage can reduce the size of the final
product and provide a solution for making more compact wireless sensors. However, the
topology of using the hybrid cells, particularly three-terminal hybrid devices, and their

connections to the electronic circuit is critical for practical applications.
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Figure 4: Block-diagram of Si1000 from Silicon Labs.

Potentially, a two-terminal device can be connected directly to low voltage electronics if
the cell voltage is sufficient for running the circuit (Figure 5 (a)). As shown in Figure 5 (b), some
reports suggest a direct parallel connection of a solar cell and an energy storage device for
powering a load (e.g., wireless circuit) [44]. In this form, an inherently three-terminal hybrid cell
is wired to perform as a two-terminal device by replacing the S1 switch in Figure 1 (a) with a
short circuit path. However, this configuration is not practical, due to the nature of solar cells
acting as a diode in the dark. There are various forms of solar cells, including pn-junctions,
heterojunctions, thin-films, perovskites, organic (OPVs), and DSSCs. In all forms, a rectifying
mechanism is employed in the structure (junction) of the PV cell for separating photogenerated

electrons and holes. Therefore, as shown in Figure 5 (b), a solar cell can be modeled as a rectifier
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(i.e., diode) being in parallel with a current source. The value of the current source is a function
of light intensity. In the dark, when 7,,=0, the solar cell acts like a diode which quickly
discharges the energy in the storage device. A simple solution is to use an external diode (instead
of the S1 switch in Figure (1)) to block the discharge path. However, the voltage drop across the
diode reduces the available voltage for the load. To minimize the voltage-drop, Schottky diodes
with Vgioge of 0.1-0.2 V are often used. As explained in this section, this solution implies a
restriction in the choice of energy storage.

A type of charge storage used in some energy systems is a device called “redox flow-
battery” [45, 46]. The approach is briefly explained in section 2.6.2.2. However, due to the
requirements for pumping electrolyte from the PV cell to the flow-battery, the technology is not
suitable for small electronic circuits. The two most common energy storage devices are batteries
and SCs.

The mechanisms of charge storage in batteries and supercapacitors are explained in other
sources [47-49]. The main difference, relative to this discussion, is the voltage range in batteries
and SCs. While the energy density in rechargeable batteries (e.g. Li-ion batteries) is high enough
for powering compact wireless sensors, the general problem is in their voltage range. At a fully
discharged state, a Li-ion battery has a voltage of Vpawery=2.8 V. Other rechargeable batteries
including NiCd, NiMH, and Lead-acid all have voltages higher than 1.0 V even at their lowest
value [50]. Hence, it is impossible to charge a battery directly with a single solar cell. Simply the
diode in Figure 5 (c) will never be under forward bias if V. is not larger than the battery voltage.
Realizing this problem, Qi et al have designed “photoassisted chargeable batteries” that still
require an external power source in addition to the light but do not serve the purpose of hybrid

cells for powering electronics [51, 52].
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Figure 5: Various topologies where a hybrid single cell can be used for powering a circuit: (a)
direct connection of a two-terminal cell, (b) impractical usage of a three-terminal as a two-
terminal device, (c) impractical combination of a battery and a single PV, (d) using a DC-DC
converter to charge a battery via a PV cell, and (e) a simple solution of using a diode in a three-
terminal device with a SC storage. ( ¥ = Practical and X= impractical topologies).

Considering the voltage incompatibility between a battery and a PV cell, batteries are
only useful in solar energy systems when the PV cells are connected in series (i.e., PV panel)
[53, 54]. An alternative method to obtain higher V. is to use tandem PV cells [55, 56]. In
tandem devices, two or more thin film solar cells are made in a stack structure using different
semiconductors for each layer to absorb different wavelengths. Naturally being in a series
connection, the overall voltage of a tandem cell will be the summation of the voltage of each

cell. Also, tandem cells have shown higher efficiencies than single PV cells [57]. Agbo et al.
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demonstrated a three-terminal hybrid cell with a lithium-ion accumulator and a triple-junction
solar cell made from amorphous and microcrystalline silicon [58]. Although the tandem cell
showed Vo of 2.09 V, the voltage was still too low for efficiently charging the battery.

The most practical method of using a battery as the storage is to use commercially
available integrated circuits that are designed as a DC-DC converter to boost the voltage of a
solar cell to charge the batteries [59, 60]. Those integrated circuits consume a portion of the
harvested power and are often designed for specific solar power and storage capacitance. An
example is the LTC3105 from Linear Technology (now a part of Analog Devices Inc.) that can
charge a Li-ion battery with a single solar cell with a voltage as low as 225 mV. A schematic of a
circuit of the chip with the external elements is shown in Figure 5 (d). However, the chip
consumes 24 pA constantly and has a limitation of 6 mA current delivery to a wireless sensor.
The constant current consumption requires using a larger solar cell to produce higher Iy and also
consumes the charge in the battery in the dark. Nevertheless, with the new technology of making
low-power electronics operated at less than 1 V, another step-down regulator is needed to reduce
the battery voltage to less than 1 V. This combination of stepping up the voltage to charge the
battery and stepping down to power the low-voltage wireless sensor is more complicated and less
energy efficient.

Due to the voltage incompatibility between a single solar cell and a battery, the majority
of hybrid devices have used SCs as the energy storage element. As shown in Figure 5 (e), (a)
fully discharged capacitor has a voltage near 0 V that increases gradually when it is charged by a
solar cell. Yet, a switching mechanism, such as a Schottky diode, is needed in the three-terminal
hybrid cell to stop the capacitor of being drained when the PV cell voltage drops below the

capacitor voltage.
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Although the combination of a supercapacitor and a single PV cell is the most practical
arrangement for a hybrid device, it should be noted that in this combination, the supercapacitor is
usually over-designed. The stored energy in a supercapacitor is equal to 0.5CV? (where C is the
device capacitance and V is the capacitor voltage). The nominal voltage of a supercapacitor with
an organic-based electrolyte can reach almost 4.0 V. Hence, the stored energy in a supercapacitor
charged with a single PV is always a fraction of the maximum energy that can be stored in the
device. This makes the combination less efficient than the energy system shown in Figure 3 (a)
where the storage element can be charged at higher voltages when a solar panel is used.

2.6 Review of Hybrid Cells

The majority of the reported hybrid devices are three-terminal cells that are technically a
PV cell and a supercapacitor in one package with a terminal being shared. As explained, for
practical applications, a switch such as a Schottky diode has to be added to avoid power loss
through the solar cell. Although this combination is subject to energy loss and a voltage drop
across the diode, designing and fabricating devices with three terminals allows researchers to
characterize the solar cell and the storage unit separately and demonstrate the functionality of the
hybrid device by controlling the switch. More importantly, due to the separated structures of the
solar cell and the energy storage cell, generally, there is no material limitations for making a
three-terminal hybrid device. Therefore, as discussed in section 2.6.1, various solar cell
technologies have been used in developing hybrid cells. In contrast, two-terminal devices have
innovative methods of combining both the energy harvesting and storage in a cell. Potentially,
lack of the external switch can result in higher overall efficiency in two-terminal hybrid cells.
However, optimizing the materials composition and structure design to have high energy

conversion as well as efficient charge storage is a serious challenge, particularly for researchers
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who cannot separate the energy harvesting effect from the storage in two-terminal devices. The
material limitations in two-terminal cells are further discussed in section 2.6.2. Nevertheless, as
of today, all two-terminal devices are inferior to three-terminal cells with an external
switch/diode. In this section, both three and two terminal hybrid cells are critically reviewed for
their applications in low-voltage electronics.
2.6.1 Three-Terminal Hybrid Cells
2.6.1.1 Si PV-SC Hybrid Cells

To achieve high energy conversion efficiency, some groups started with the fabrication of
a silicon-based solar cell and then building a SC at the back side of the PV cell. The structure and
mechanism of energy harvesting in silicon-based solar cells have been discussed in detail in
other publications [61-63]. As examples, three different silicon-based solar cells used in hybrid
devices are shown in Figure 6. Westover et al., etched the backside of a crystalline silicon-based
solar cell to generate porous silicon acting as the shared electrode between the PV and the SC
(Figure 6 (a)) [64]. Another piece of porous silicon was used as the second electrode of the
capacitor with a gel electrolyte between them. An external wire was used as S1 switch to connect
the front electrode on top of the solar cell to the SC electrode. Owing to the crystalline structure
of the silicon, the energy conversion efficiency was 14.8% while a capacitance of 0.14 F/m? was
obtained from the supercapacitor. Although the fabrication approach is compatible with the
existing solar cell fabrication process, the storage capacitance was too low resulting in storage
time less than a minute for a low power load of only 0.4 uA/cm?. Figure 6 (b) shows a schematic
of the device made by an Australian group integrating a graphene oxide-based SC of 0.01 F/m?
on the back side of a crystalline silicon (c-Si) solar cell. The device demonstrated 15.69%

conversion efficiency and a short storage time of ~10 s for a load of 0.33 pA/cm? [65].
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Unlike the above two approaches, Liu et al. did not use a standard pn junction solar cell,
but built a heterojunction solar cell made of n-type Si nanowires (NWs) and poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) which is a conducting polymer
(Figure 6 (c)). The capacitor was built on the back side with two layers of polypyrrole (Ppy)
electrodes and a gel electrolyte. The solar cell alone had an efficiency higher than 13% but the
combination of the solar cell and the SC resulted in 10.5% overall efficiency. Solar charging up
to 0.55 V and a long charge storage stability of more than 11 hours under open circuit conditions

was demonstrated [66].
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Figure 6: Three different Si PV-SC hybrid cells designed and reported by: (a) Westover et al.,
[64] (b) Thekkekara et al., [65] and (c) Liu et al. [66].

In all those designs, the experiments were carried out the hybrid device configuration by
connecting the top electrode of the solar cell to the back electrode of the SC with a wire. As
mentioned, in practice, a diode-like switch should be used between the solar cell and capacitor.
With the low open-circuit voltage of less than 0.7 V in Si PVs, the voltage drop in the diode

would be significant.
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2.6.1.2 PSC-SC Hybrid Cells

With the recent progress in achieving high efficiency and improving stability, perovskite-
based solar cells (PSCs) are already considered as one of the promising technologies for the
widespread use of solar energy systems [67]. Efficiency as high as 25.2% has been verified by
NREL for a PSC [68]. More importantly, PSCs are generally able to produce higher V. than
silicon-based cells. Vi higher than 1.0 V has been reported in several single PV cells [35, 69,
70]. Both the high efficiency and large V. are motivating for making hybrid devices with energy
storage being built at the back of the cells. Liang et al. made a three-terminal device with a
CsPbBr3 based solar cell and a supercapacitor at its back. The PV cell had an excellent Vo of
1.22 'V [35]. The photocharging and the feasibility of delivering the stored energy in the
capacitor under dark conditions with a discharge rate of 0.375 mA/cm? were demonstrated
(Figure 7 (a)). Zhou et al. fabricated a PSC with a SC at its back side using all transparent
electrodes that showed not only energy harvesting and storage, but also a photovoltachromic
effect [71]. As a hybrid device, the photocharging voltage could reach 1.0 V. However, the

storage part could keep the charge only for a few minutes (Figure 7 (b)) [72].
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Figure 7: Three different PSC-SC hybrid cells designed and reported by: (a) Liang et al., [35] (b)
Zhou et al., [71] and (c¢) Liu et al. [56].
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There are other similar devices with a solid-state form of a perovskite cell and a SC at
their back side [73]. Unlike most of the perovskite cells that use a compact layer of metal oxide
as the electron transport layer, Xu et al. used a blend of perovskite with TiO> and ZrO; for
making the solar cell. Their device showed a Vo of 0.8 V and less than a minute of driving a
0.25 mA/cm? load form the charged supercapacitor [74]. Some of the hybrid devices were made
on flexible substrates [53, 56]. Among them, Liu et al. demonstrated a wearable hybrid device
with a solar cell on top of a supercapacitor embedded into a fabric structure (Figure 7 (c)). The
solar cell could generate a V,.=0.7 V and the stored energy was sufficient to run a 1 mA load for

about 5 minutes [56].

Figure 8: Examples of combination of a PV and a SC in series not acting as a hybrid cell
reported by (a) Liu et al. [75] and (b) Xu et al. [76].

While one of the main advantages of using PSC is its high V. for charging SCs, some of
the devices have been tested with a solar cell in series with the charged SC to obtain a high V.
value (Figure 8) [75, 76]. Obviously, the voltage across two elements in a series connection is
the summation of the two voltages, but the main point is that the series connection of a solar cell
and a SC does not work as a hybrid device. Therefore, characterizing devices with this method
generates false V. that, unfortunately, has been reported in several review papers [21, 23, 24, 26,

28]. Also, as shown in Figure 8 (a), the voltage of the SC can be added to the solar cell only
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when the capacitor is charged by an external source (not the solar cell) with a polarity opposite
of that of charging a solar cell.
2.6.1.3 OPV-SC Hybrid Cells

The mechanism of charge separation in OPVs is based on the molecular interface
between materials with the tendency of electron acceptance and donation. There are many good
references for teaching the structure and operational mechanism in OPVs [77-79]. Hybrid
devices with organic photovoltaic (OPV) cells have been reported in several publications [80,
81]. Kim et al, fabricated two devices, one with a perovskite solar cell the other with an OPV
[80]. The hybrid OPV device showed a Vo of 0.79 V with an efficiency of 7.58% whereas the
PSC had both higher Vo and efficiency. As shown in Figure 9 (a), the OPV based hybrid device
was able to run a load of 0.5 A/g for a few minutes after charging the SC for one minute with the
OPV in front of the capacitor [80]. A similar design was implemented for making an OPV based
hybrid device optimized for indoor light harvesting by a group at the University of California
Berkeley [81]. Their devices showed an 11.5% efficiency and V. of 870 mV, with the ability to
run a load for almost one minute after cessation of light (Figure 9 (b)). A group at Fudan
University showed a novel design by fabricating an OPV and a SC with a Ti wire as the common
electrode between the two devices [82]. Their design showed high enough mechanical flexibility
for wearable applications with a Vo of ~0.4 V and storage time higher than 5 min (Figure 9 (c)).

Since Vo and efficiency in OPVs are both inferior to those in PSCs and Si PVs, OPV
based hybrid devices can hardly compete with the other alternative technologies. To address the
low voltage problem, Chien et al. designed a system with a series of OPVs on the same substrate
used for the supercapacitor (Figure 10 (a)) [83]. As shown in Figure 10 (b), a group from

Nanyang Technological University in Singapore suggested stacking two OPVs to obtain a V. of
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~1.0 V [84]. With the recent progress in making low cost, flexible, and high energy conversion
efficiency PSCs, connecting perovskite cells in series is a more efficient system for energy
harvesting and storage (Figure 10 (c)) [53]. In this scheme, it is even possible to charge a Li-ion
battery if the summation of the perovskite cells exceeds the voltage that one needs for charging a

battery (Figure 10 (d)) [54].
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Figure 9: Three different OPV-SC hybrid cells reported by: (a) Kim et al., [80] (b) Lechéne et
al., [81] and (c) Zhang et al. [82].
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Figure 10: Four different examples of power packs with OPV or PSC cells in series and a
supercapacitor reported by: (a) Chien et al., [83] (b) Wee et al., [84] (c) Li et al., [53] and (d) Xu
et al. [54].
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2.6.1.4 DSSC-SC Hybrid Cells

Although both silicon and perovskite-based solar cells have higher energy conversion
efficiency than DSSCs, the majority of hybrid devices have used a DSSC like structure for
energy harvesting. That is mainly because several of the fabrication steps in DSSCs and SCs are
similar, as both are electrochemical cells. The structure of DSSC devices and the mechanism of
charge circulation in them are explained in various sources [85-87]. The majority of the designs
have proposed a hybrid structure with two separate electrolytes for the DSSC and SC parts,
technically integrating a DSSC and an SC in one package. However, there are innovative designs
with three electrodes being in one compartment and one electrolyte [88, 89]. It should be noted
that cells with one electrolyte are easier to fabricate but any degradation of the electrolyte can
decrease the device efficiency to levels lower than a cell with two separate electrolytes each
optimized for their corresponding purpose.

In 2004, Nagai et al. showed a hybrid device with two compartments (Figure 11 (a)) [90].
The device was a standard DSSC with a mesoporous layer of TiO, and Ru-based dye as the
photoactive electrode and sharing the Pt electrode with a supercapacitor made from polypyrrole,
which resulted in a Voc = 0.6 V [90]. A similar design was presented by Saito et al. using WO3
for storing the charge in the supercapacitor compartment [91]. Their device showed Voc=~0.6 V
under illumination, but the voltage dropped to 0.4 V almost instantly after the secession of light
[91]. A higher voltage of Vo= 0.8 V was reported in the work by Murakami et al. in 2005 [92].
A research group from Taiwan led by Dr. Ho fabricated the DSSC part on a flexible plastic
substrate achieving a Voo =0.77 V [93]. In a different publication, Dr. Ho’s group reported a
three-terminal hybrid cell with PProDOt-Et, polymer for the supercapacitor part. Despite the

improvement in the energy storage capacitance, V. was still limited to 0.75 V due to the DSSC
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design [94]. Using TiO2 nanotubes for making both the solar cell and supercapacitor, the voltage

of the hybrid device made by Mini et al. reached only 0.3 V under illumination [95].
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Figure 11: Examples of DSSC-SC hybrid device reported by: (a) Nagai et al., [90] (b) Bagheri et
al., [96] (c) Cohn et al., [97] (d) Yang et al., [98] (e) Skunik-Nuckowska et al., [99] and (f) Xu et
al. [100].

Bagheri et al. fabricated a hybrid device with an asymmetric supercapacitor (Figure 11
(b)). The redox electrolyte for the DSSC part used Co?>/Co** as the mediator while the
supercapacitor electrolyte was an aqueous electrolyte containing KOH. The Vo, of the DSSC in
their device reached 0.72 V [96]. Dr. Pint’s group integrated a standard DSSC with a
supercapacitor made of silicon nanostructure electrodes (Figure 11 (c¢)). Again the maximum
charging voltage was limited by the DSSC to Vo= 0.68 V [97]. In an attempt to make liquid-free
hybrid devices, some of the devices were made with either gel-based or polymer electrolytes [82,
98, 101]. However, generally, DSSCs with solid electrolytes have efficiencies lower than DSSCs
with liquid electrolytes [102, 103]. Peng’s group has developed a flexible three-terminal hybrid
cell with two different gel electrolytes for the DSSC and supercapacitor (Figure 11 (d)). A solar

conversion efficiency of 5.12% was achieved by the DSSC with a Vo of 0.75 V [98]. As shown
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in Figure 11 (e), another example is the device made with a layer of poly 3-hexylthiophene
(P3HT) between the photoactive and the counter electrode in the DSSC. The device showed a
maximum of 3% energy conversion efficiency with a Vo of 0.898 V [99]. Scalia et. al fabricated
a flexible hybrid device with a polymer electrolyte membrane. The V. in their device reached
the maximum value of 0.67 V [104].

Recognizing the voltage limit in hybrid devices, some publications have reported
connecting the cells in series [100, 105]. As shown in Figure 11 (f), Xu et al. used four three-
terminal hybrid cells in series to generate sufficient voltage for powering an LED [100]. The
technical challenge in connecting hybrid cells in series has already been explained in section 3 of
this review.
2.6.1.5 Fabric-Base DSSC-SC Hybrid Cells

With the fast-growing market for wearable electronics [50, 106, 107], some designs have
focused on developing fabric-based devices for energy harvesting and storage [108, 109]. A very
essential feature for wearable electronics is the high flexibility of the devices and the ability to
integrate them into fabrics. Many devised ideas have been practiced in recent years by
fabricating solar cells and energy storage cells in the form of fibers [110-112]. As shown in
Figure 12, some have used a coaxial structure [112] and some have made devices with parallel
(or twisted) fibers [110]. Unlike flat hybrid cells, due to the flexibility requirement and
complication in the fabrication, fiber-based hybrid cells are not made by stacking the two parts,
instead, they have been made either by making the two devices on the same thread (Figure 12 (b)
& (1)) [112, 113] or different threads being woven as a piece of fabric [114]. In such designs, the
surface of the fabric is not efficiently used for optimum solar energy harvesting. However, it is

much easier to fabricate an energy system made of several PVs in series for achieving high
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enough voltage. Figures 12 (c-e) show schematics and the boosted voltage in some designs with
series PVs [110, 114, 115]. The concept of fiber-based hybrid devices has also been applied to

make a device with a fiber shape Li-ion battery as the storage element (Figure 12 (f)).
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Figure 12: Example of fabric based hybrid cells reported by: (a) Fu et al., [110] (b) Chen et al.,
[112] (c) Zhang et al., [115] (d) Fu et al., [110] (e) Chai et al., [114] and (f) Liang et al. [113].
2.6.2 Two-Terminal Hybrid Cells

As discussed, the main advantage of three-electrode hybrid cells is the feasibility of
optimizing the solar cell and SC. However, the voltage drop across the external Schottky diode is
a drawback. To avoid using an external switch/diode, some novel ideas for making two-terminal
devices have been reported that are reviewed in this section. It must be mentioned that devices
made of two different compartments, with their terminals connected (internally or externally) are
not considered in this part and have already been discussed in the previous section (see Figure 5
(b)). A general challenge in the two-terminal devices is the selection of the materials for the
electrodes and the electrolyte. To achieve high solar energy conversion, the photoactive material

has to have a wide absorption spectrum with the ability of generating separated electron-hole
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pairs. At the same time, to achieve high capacitance, porous electrodes are needed. As discussed
in details in this section, sometimes the material choice is needed to be compromised.
2.6.2.1 Photogalvanic Cells

The concept of designing a two-terminal device with the ability to harvest solar energy
and store electric charge was first introduced by Rideal and Williams, when they studied the
photogalvanic (PG) effect in 1925 [116]. Based on the PG effect, electrochemical devices were
designed and studied by many scientists through the years [117-130]. As shown in Figure 13 (a),
a conventional PG cell has an H-shape structure with two half electrochemical cells at the
columns (i.e., chambers) and a bridge between them for the convenient circulation of ions
between the half cells [117]. Unlike DSSCs, dye molecules (i.e., sensitizers) are freely floating in
the electrolyte and are not attached to any electrode [131]. Therefore, the dye molecule does not
need to have the carboxylic group for the surface attachment. Various forms of photosensitizers,
including thionine, azur-B, and rhodamine have been reported for the PG cells [117]. The
mechanism of operation is based on changing the concentration of oxidized/reduced mediators
and sensitizers via the photoelectrochemical reactions in the electrolyte. Hence, the open-circuit
voltage of the cell follows the Nernst equation [132]. Voltages as high as 1.235 V has been
reported for PG cells [123]. However, due to the high rate of recombination in the electrolyte, the
overall energy conversion efficiency in PG cells is far lower than those in other PV technologies
[127]. More importantly, the storage mechanism in PG cells relies on the accumulation of
charges in the electrolyte which makes their specific capacitance significantly lower than
supercapacitors or batteries. Again, the recombination of the charges in the electrolyte is the

major reason for their short charge storage stability in the dark [127].
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Besides the low efficiency, the conventional H-shape cell is not suitable for powering a
small electronic circuit. To address the form factor, in a recent work by Xiao et al., a carbon
nitride nanotube membrane was used to separate the dark and light chambers (Figure 13 (b))

[129]. In their device, the maximum voltage difference across the cell was less than 0.5 V [129].
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Figure 13: Examples of PG cells reported by: (a) Lal et al., [117] (b) Xiao et al., [129] and (c)
Halls et al.[130].

Since the operation of PGs is based on the redox reaction rates at the anode, cathode and
in the bulk of the electrolyte, another form of a PG device with a single chamber has been
studied with semiconducting electrodes. In this form, the photoredox reaction occurs in the bulk
electrolyte which pumps charges into the cell. However, the energy structure of the electrodes
(i.e. conduction and valence bands) rectifies the charge transfer from the electrolyte to the
electrodes. The mechanism of operation is shown in Figure 13 (c¢) [130]. Devices with different
dye and semiconductor electrodes have been reported [123, 130]. In a novel approach, Aljafari et
al. have developed a gel electrolyte with a conducting polymer as the sensitizer [133, 134]. In a

simple form, there are only a dye material and a reductant in the electrolyte, but in some designs,
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there is an oxidant material, as well. In this form, the reductant and oxidant materials act as
mediators to transfer charges to the electrodes. The design with the two mediators was used for
synthetic dyes and photosynthetic proteins. Takshi et al., have shown that the reaction centers
from Rhodobacter sphaeroides alga can be used as the dye material with ferrocene and methyl
viologen as the two mediators for transferring the photogenerated positive and negative charges
to the electrodes. In this case, the storage time is limited by the reaction rates between the two

mediators in the bulk electrolyte [135].
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Figure 14: Examples of hybrid cells made from biomaterials reported by: (a) De La Garza et al.
[136] and (b) Usui et al. [137].

The concept of employing biological materials in PG cells has been also applied for
developing photoelectrochemical biofuel cells [121, 136, 138]. In 2003, de la Garza et al.
reported the application of an enzyme in the electrolyte to generate Vo of 0.75 V (Figure 14 (a))
[136]. In a recent work from Tottori University (Japan), nicotinamide adenine dinucleotide

phosphate (NADPH) and adenosine triphosphate (ATP) were added to the electrolyte to achieve
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a photovoltaic voltage of 1.4 V (Figure 14 (b)) [137]. Despite the high voltages in the bio-
photoelectrochemical cells, the low overall efficiency and short lifetime of the biomaterials are
the main challenges toward their applications.
2.6.2.2 DSSC-Redox Flow Battery Hybrid Cells

A system can be developed for solar energy harvesting and storage by integrating a
DSSC-like solar cell and a redox flow battery (RFB). Generally, in an RFB there are two
electrolytes each with a redox couple ions: O1-R1 and O2-R2. The electrolytes are separated by
a membrane allowing certain ions being exchanged between the two electrolytes. Upon charging
an RFB, O1 and R2 are produced at the anode and the cathode, respectively. The electrolytes
with rich O1 and R2 can be stored in separate tanks/reservoirs via pumps or using the natural
convection in the liquids. According to the Nernst equation, the change in the concentration of
redox couples generates a voltage difference between the electrodes that can be used to derive a
load in a discharge cycle. As shown in Figure 15 (a) [139], a solar flow battery (SFB) relies on

the photoredox reaction in the DSSC-like cell that is coupled to an RFB.

Electrode

S; Discharge

~— (a) il 1) g

Figure 15: Examples of hybrid cells with flow batteries reported by: (a) Liu et al. [139] and (b)
Cao et al. [140].

In another design shown in Figure 15 (b), the two electrochemical cells can be integrated.

Since in both configurations, the storage in an SFB requires external tanks, SFBs are suitable for
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power plants, not small electronics [140]. Hence, the details of different approaches are not
discussed here, and we encourage enthusiastic readers to follow the related publications.
Examples of review papers that include various approaches and list the performance of reported
SFBs can be found in several publications [141-144].
2.6.2.3 Photoactive SCs

To integrate a supercapacitor and a DSSC, some have designed devices similar to a
supercapacitor with one electrode being made from photoactive materials. Takshi et al. have
made a photoactive supercapacitor with the photoanode made from a composite of a conducting
polymer and a porphyrin dye and a porous carbon electrode as the cathode (Figure 16 (a)) [145].
The mechanism of operation is based on changing the redox state of the anode electrode with the
photoexcited electrons. The electrode material at a different oxidation state stores the
photogenerated charges like a pseudocapacitor. Using a porous cathode, the opposite charge is
stored in the double layer. In this configuration, the open circuit voltage is determined from the
potential difference between the electrochemical potential of the anode and the Fermi level of the
cathode. The experimental results from Takshi’s cell showed the cell voltage of 0.43 V under
constant illumination. Photoactive supercapacitors with a composite of polyaniline and a dye
showed much lower voltage change in the range of a few millivolts [146]. In a different approach
(Figure 16 (b)), Takshi’s group used a layer of a photoactive gel between two electrodes to make
a two-terminal hybrid cell. Their device showed a photovoltage as high as 0.137 V [133]. Huang
et al. used a composite containing WOx at its counter electrode to convert a DSSC to a two-
terminal hybrid cell (Figure 16 (c)). A voltage as high as 0.62 V was achieved but the voltage
dropped sharply due to the small capacitance at the anode electrode [147]. As shown in Figure

16 (d), Cai et al. developed a micro-supercapacitor that could be charged up to 120 mV via
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illumination [148]. A group in India have demonstrated a hybrid device with the photoactive

electrode made of BiVO4 and reduced graphene oxide with a max voltage of 340 mV [149].

Conducting  Activated
- D]ye polymer — Carbon

Light| )
| MV MV
|0
E
(a)
-
.
] ! Dark ™
£ au) oy 5
1 ] > 210
ol 1 3
Joafl | B e
Jouslt P $
. P
o4 H il 0w
. .
oas U L

(@)

Photo-charge
)

/)uv light
© Electron
© Hole
© Pos.ion
© Neg. ion
W carbon
M Tio,

Voltage (mV)  _

g

g

3

= X
0 500 1000 1500 2000 2500 3000
Time (s)

— (d)

Figure 16: Examples of two-terminal photoactive supercapacitors reported by: (a) Takshi et al.,
[145] (b) Aljafari et al., [133] (c) Huang et al., [147] (d) Cai et al., [148] and (e) Roy et al. [150].

In a recent publication by Roy et al, a hybrid cell was made using a composite of TiO>
and CdS nanoparticles (NPs). The device showed an incredibly high voltage of 1.17 V with an
excellent charge storage stability exceeding 5 hours (Figure 16 (e)) [150]. Roy’s work has
brought promise to the field of two-terminal hybrid cells with high enough voltage to be used in

real applications. However, the low energy conversion efficiency in the two-terminal hybrid cells
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is still a serious challenge in using the devices for practical applications. Table 1 has summarized
the different approaches discussed in this review.

Table 1: Summary of the reviewed works with their reported Voc.

Type Authors Structure Vo Comment Ref
3-terminal
Westover Low
Si PV-SC et al. cSi PV+ Si based SC 0.58V capacitance- [64]
(2014) limited storage
Thekkekar Low
a ct al. ¢Si PV+GO SC 0.6V capacitance- [65]
(2015) limited storage
Liu et al. . long charge
(2017) Si NW PV + PPy SC 0.55V storage stability [66]
Ouyang et .
al. (2017) ¢Si PV+MoOx Pseudo-SC 0.6V [151]
Agbo et a-Si and micro cSi+Li
al. (2016) battery 2.00V Tandem PV [58]
Liang et
PSC-SC al. (2018) CsPbBr; PV+SC 1.22V [35]
Liang et
al. (2018) MAPbBIz PV+SC 09V [152]
Zhou et al. Photovotachro  [71,
(2016) PSC+WOs3 based SC 1.0V mic+hybrid 72]
Xu et al. .
(2016) Ti02/ZrO> MAPbBI3+SC 0.8V [74]
Liu et al. . .
(2017) Fabrics 0.7V On Fabrics [56]
. Series
L(1;1 Oelt%l. F{allse connection of  [75]
o PV and SC
False Series
Xu et al. v connection of  [76]
o PV and SC
Kim et Voec=1.06V in
al.(2017) PSC+SC 091V  the PV hybrid [80]
' Voe=091V
Vo of PV was
Kim et al. 0.79 V but
OPV-SC (2017) BHJ OPV+SC 0.71V hybrid Vee was [80]
only 0.71 V
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Table 1: (Continued)

Type Authors Structure Voc Comment Ref
Lechéne et Indoor light
al. (2016) BHJ OPV+SC 0.87V harvesting [81]
Zhang et Fiber shape
al. (2014) BHJ OPV+5C 04 hybrid cell L8]
Voe=1.0 Vis
DSSC with a Ppy/rGO ~0.65 reported in the
DSSC-SC  Lauetal. counter electrode shared V paper but the  [153]
with the SC. data shows
Voc=~0.65V
Nagai et
al. (2004) DSSC+SC 0.6V [90]
Voc dropped to
. . 0.4 V instantly
Saito et al. WQ3 for storing the f:harge 0.6V after the 91]
(2010) in the supercapacitor .
secession of
light
Murakami
et al. DSSC+SC 0.8V [92]
(2005)
Chen et al. . .
(2010) Flexible DSSC+SC 0.77V Flexible [93]
Hsuetal.  DSSC+PProDOt-Et; based
(2010) 3C 0.75V [94]
Mini et al. TiOs nanotubes 03V [95]
(2013) z '
Bagheri et DSSC w Co?*/Co**
al. (2014) mediator+SC 0.72V 96
. Low
Cohn et al. DSSC+S1 nanostructure- .
(2015) based SC 0.68 V cap./limited [97]
storage
Yang et al.
(2013) DSSC+SC 0.75V [98]
Skunik-
Nuckowsk  P3HT as the electrolyte of
aetal. DSSC 0898V [59]
(2013)
Scalia et flexible hybrid device with a
¢ polymer electrolyte 0.67V [104]
al. (2017)
membrane.
Xu et al Anodic TiO2 nanotube
(2014) arrays 0.6V [100].
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Table 1: (Continued)

Type Authors Structure Voc Comment Ref
Mechanical,
Wegrable Yang et al. Nanowire forest structure 0.4V  thermal, & solar [108].
hybrid cells (2013) h
arvest.
Chen et al.
(2014) Same fiber 0.635V [112]
Fu et al. Power pack of
(2013) Parallel fibers 0.652V 126V [110]
Liang et
al. (2017) Coax same fiber DSSC+LIB  0.74 V [113]
Chai et al. . Power pack 2.6
(2016) Coax and twisted 04V v [114]
Zhang et . Power pack 4
al. (2017) Flexible DSSC+SC 0.76 V PV in series [115]
Lee et al. Flexible polymer PV Power pack
(2013) +fabric-based LIB 200V Githars (194
Power Lietal. . Flexible (power
packs (2015) PSC+Li ion SC 1.05V pack) [53]
Xu et al.
(2015) PSC+LIB 3.84 [54]
Chien et
al. (2015) OPV panel+SC 491V [83]
Wee et al.
(2011) OPV panel+SC 1.0V [84]
Xu et al Series
(2014) DSSC+SC 25V connections of [100].
hybrid cells
2-terminal
Low conversion
Lal et al H-shaped cell design not efficiency and
PG ' suitable for compact 1.235V low charge [123]
(2016) :
electronics. storage
stability.
Xiao et al. Low voltage
(2020) Nanotube structure ~0.5V low efficiency [129]
De La Low efficiency
Garza et Bio based hybrid 0.75V and short [136]
al. (2003) lifetime
Usui et al Low efficiency
sul ¢t al. Bio based hybrid 1.4V and short [137]
(2019) lifets
ifetime
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Table 1: (Continued)

Type Authors Structure Voc Comment Ref
Photgéctive ;al({;gll zt) Photoanode CP+dye 043V  Low efficiency [145]
/;l.jag%rli 9e)t Photoactive gel 0.137V  Low voltage  [133]

001 emerclectode 02V orsosabiy 047

R(ogozt) 3)11. B1VO4-1:g§rgggtoactlve 034V [149]

Céi Oelt%l. Micro Photoactive SC rlnl\(; I;[(;gighst;ogl}gs [148]

Royetal. Composite of TiO2 and CdS 117V chi);i:e;irrl;ge [150]

(2019) NPs stability

*BHJ=Bulk Heterojunction; cSi=Crystalline Silicon; a-Si=Amorphous Silicon; MAPbI3=methyl
ammonium lead iodide; RGO=reduced graphene oxide; GO=Graphene oxide.
2.7 Suggestions and Outlook

Considering that the efficiency in solar energy harvesting is very critical, it is important
to focus on solar cell technologies with high efficiencies. Also, knowing that the details of solar
cell design and choice of materials directly impact the efficiency of the fabricated devices, it is
suggested to develop more of three-terminal hybrid cells in which the solar cell part can be
optimized independently from the storage part. The choice of solar cell technology has to be
based on the open circuit voltage of the cell. In this regard, hybrid cells made from PSCs with
Voec of 1 V or higher are more promising than hybrid cells with OPVs or DSSCs with low
voltages. Combining a thin film technology such as PSC with an electrochemical cell (i.e., SC),
inevitably, a three-terminal design needs to be further developed. To operate the hybrid cell at its
highest efficiency under various illumination conditions, it is recommended to equip a three-
terminal cell with an integrated circuit such as CN3083 that is designed for tracking the

maximum power in a miniaturized package. The combination of a single three-terminal hybrid
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cell with Voc of ~1 V and the smart miniaturized power tracker can be adequate for powering
low-voltage integrated circuits such as Si1000. Although at this stage all two-terminal devices
are inferior to the three-terminal devices, much better performances can be achieved from two-
terminal cells first by developing theories explaining the mechanisms of concurrent energy
harvesting and charge storage and then designing cells based on the theoretical studies. The lack
of a comprehensive model, particularly for photoactive SCs, has resulted in trial and error
approaches. Developing a model and using simulation tools perhaps can address some of the
shortcomings particularly the low energy conversion efficiencies in two-terminal hybrid cells.
2.8 Conclusions

Due to the feasibility of using a smart charge controller unit between a separated solar
panel and a battery, a conventional solar energy system is more efficient than connecting hybrid
cells in series. Hence, the application of hybrid cells is justified mainly for small and low-voltage
electronics that can run with a single hybrid cell. In addition, fiber shaped hybrid devices are
potentially suitable for wearable electronics. Among different technologies, the three-terminal
cells made from perovskite solar cells and integrated supercapacitors are promising due to their
high energy conversion efficiency and high voltages exceeding 1.0 V. The main challenge in the
two-terminal devices is the optimization of the efficiencies in both the energy conversion and
charge storage. However, the two-terminal hybrid device introduced by Roy et al. made from a
composite of CdS and TiO2 NPs with Vo of 1.17 V and 5 hours of charge storage is promising
for the direct connection of a two-terminal cell to an electronic circuit. While each technology
has its own advantages, focusing on the market need can merge efforts from different approaches

to develop hybrid cells for practical applications.
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Chapter 3: Impedance Spectroscopy Study of Hybrid Photovoltaic Supercapacitors?

3.1 Abstract

The integration of energy-harvesting and storage in a single device is considered to be
one of the most demanding technologies for future wireless sensors. Photovoltaic supercapacitors
are among promising solutions with the dual properties of photoelectric and electrochemical
charge storage. In order to improve the efficiency in hybrid photovoltaic supercapacitors, most
research has focused on studying electrode materials. In this work, we have studied the effect of
polyaniline (PANI) concentration in a composite gel-based electrolyte on the impedance of the
device. The photovoltaic supercapacitors were fabricated in a two-electrode configuration
combining a titanium dioxide (TiO2) coated on fluorine-doped tin oxide (FTO) glass as the
working electrode, a multi-walled carbon nanotube (MWCNT) porous electrode as the counter
electrode, and a composite gel-based electrolyte. The composite gel was made of polyvinyl
alcohol (PVA), hydrochloric acid (HCI), ammonium persulfate (APS), and different
concentrations of aniline (ANI). The impedance study of the gel with 0.5 mM concentration of
PANI showed a two-stage charge storage mechanism associated to the double-layer at the
electrode-electrolyte interface and a pseudo-capacitive charge storage mechanism in the bulk of
the electrolyte. The absorption spectrum of the synthesized gel shows a strong absorption peak

near 780 nm confirming the formation of the emeraldine salt of PANI in the gel. The current

2 This chapter was published in SPIE proceeding (Kareri, T., Aljafari, B., & Takshi, A. (2020,
August). Impedance spectroscopy study of hybrid photovoltaic supercapacitors. In New
Concepts in Solar and Thermal Radiation Conversion III (Vol. 11496, pp. 8-14). International
Society for Optics and Photonics). Permission is included in Appendix A.
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results are inspiring the research for optimizing the composite material to improve both energy
harvesting and the charge storage stability in photovoltaic supercapacitors.
3.2 Introduction

The need for using renewable energy sources is growing constantly due to the negative
impacts of fossil fuels on the environment. The renewable energy sources, particularly solar and
wind, are reliable and affordable for many applications. However, two main challenges in using
them are their availability and conversion efficiency into electricity. In this regard, the
development of energy storage devices contributes significantly and effectively to the
exploitation of renewable energy resources and the evolution of their industry. Solar energy is
one of the most promising alternatives to fossil fuels, and because of its intermittent nature,
energy storage devices (i.e. battery or supercapacitor) are required in solar energy harvesting
systems [31, 134, 145, 155, 156]. In an effort to store energy in a photovoltaic device, different
hybrid devices have been fabricated and tested with various approaches [84, 94, 157-160]. The
conventional method, reported by different groups, is to integrate a dye-sensitized solar cell
(DSSC) with a supercapacitor in one package with a three-electrode configuration. In this
configuration, an external switch is required to switch the operation mode of the device between
the solar cell and the supercapacitor during the dark-light cycles [159-162].

Numerous studies have been carried out to enhance the efficiency and stability of the
materials employed for electrodes and electrolyte of hybrid photovoltaic supercapacitors.
Polyaniline (PANI)-based composite gels have elicited much consideration among researchers to
be employed as the electrode material in supercapacitors due to their stability, conductivity,
flexibility, ease of preparation, cost-efficient, and redox properties [163-166]. Besides,

composite gels have gained a great deal of interest to be employed as an electrolyte in different

40



electrochemical devices because of their higher safety, flexibility, thermal stability, high ionic
conductivity, and functionality. Our previous studies on a composite gel containing PANI have
shown that a single layer of the composite gel can be worked as the redox-active electrode and
electrolyte because of the capability of conducting ionic and electronic charges [133].

More focus has been given in this work to study the effect of PANI concentration in a
composite gel-based electrolyte on the impedance of the hybrid device under both dark and light
conditions. For this study, we have fabricated a hybrid device with a two-electrode configuration.
Titanium dioxide (TiO2) coated fluorine-doped tin oxide (FTO) glass electrode was used as a
working electrode (solar cell), and a porous carbon nanotube (CNT) electrode was employed as a
counter electrode (supercapacitor). The composite gel was employed as the photoactive
electrolyte.

Fluorine-doped .
C te gel electrol
tin oxide (FTO) glass (working electrode) OmpoS e Srooe

I (PVA-HCI-APS-Aniline)
Light

Electron

Titanium dioxide (TiO2)

Porous carbon nanotube
(CNT) electrode (counter electrode)

Figure 17: Schematic diagram of hybrid device based on composite gel electrolyte.
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3.3 Experimental
3.3.1 Materials and Equipment

Multi-walled carbon nanotube (MWCNT), sodium dodecylbenzenesulfonate (SDBS),
Poly(vinyl alcohol) (PVA), hydrochloric acid (HCI), ammonium persulfate (APS), and aniline
were obtained from Sigma-Aldrich and used as received. TiO; coated fluorine-doped tin oxide
(FTO) electrodes were obtained from Solaronix, the FTO substrate was (20 mm x 20 mm) with a
TiO; coated area of (6.0 mm % 6.0 mm). Regular printing papers were used to make the porous
carbon electrodes.

A VersaSTAT 4 Potentiostat/Galvanostat (Princeton Applied Research, AMETEK) was
used to carry out all electrical and electrochemical experiments in a two-electrode configuration.
Cyclic voltammetry (CV), open circuit voltage (OCV), short circuit current (SCC), and
electrochemical impedance spectroscopy (EIS) experiments were conducted to test all devices
after 48 hours (h) of fabrication at room temperature and under the same experimental
conditions. To test the hybrid devices under dark and light modes, and to reduce the stray-light
effects in the experiments, they were put in a dark box with an optical fiber connected to a solar
simulator, from (RST, Inc), with a light intensity of 80 mW/cm? and AM 1.0 interior optical
filter.

3.3.2 Electrode Fabrication

The porous carbon electrodes were fabricated using MWCNT-based ink and regular
printing papers [167]. To prepare the ink, 300 mg of MWCNT and 150 mg of SDBS were added
into 30 mL of deionized DI water. Then, the ink was sonicated using a probe sonicator for 35
min at an average power of 30 W and an energy of 40 J to agitate nanoparticles in the solution

and obtain a homogeneous mixture. The porous carbon electrodes were prepared by dispersing 1
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mL of the ink on one side of a printing paper, (40 mm x 70 mm), then dried for 30 min at 120°C
using a vacuum oven. The steps were repeated three times for both sides to improve the
conductivity of the electrode. The apparent surface area of the porous carbon electrode was (40
mm % 8.0 mm) with a thickness of 130 um and a surface resistivity of 71 Q/sq.
3.3.3 Electrolytes Preparation

To prepare the composite gel electrolytes, as a first step, PVA-HCI gel electrolyte was
synthesized by adding 5 g of PVA to 50 mL of 1 M HCI in DI water [168]. Then, the mixture
was stirred adequately on a hot plate at 80° C for 4 h at a speed of 500 rpm. Then, 15 mL
solution of 0.1 M APS in 1 M HCl was added to the PVA-HCI solution at room temperature and
stirred for 1 h at 700 rpm. After that, the composite gel electrolytes were made by adding
different concentrations (0.1, 0.2, 0.3, 0.4, and 0.5 mM) of aniline to the PVA-HCI-APS at room
temperature and stirred for 2 h.
3.4 Results and Discussion

CV measurements were performed with the potential range between -1.0 V and +1.0 V at
50 mV/s scan rate. As an example, Figure 18 shows the CV results for the hybrid device with 0.3
mM of Aniline under dark and light conditions. The results show both solar energy harvesting
and energy storage capabilities with a two-stage charge storage mechanism. The CV loops
indicate the internal capacitance due to the double-layer charge storage mechanism at the
electrode-electrolyte interface. As shown in our previous work, the redox peaks in the CV loops
indicate a pseudo-capacitive charge storage mechanism in the bulk of the electrolyte, as an
additional charge storage mechanism [133]. The specific capacitance of the device with 0.3 mM
of Aniline was calculated to be 12.82 mF/g in the dark and increased to be 18.54 mF/g under the

light mode based on the mass of the gel. The absorption spectrum of the composite gel exhibits
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an absorption peak of 780 nm confirming the formation of the emeraldine salt of PANI in the

gel, as shown in Figure 19 (a) [133].
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Figure 18: Cyclic voltammetry (CV) results of the hybrid device with PVA-PANI composite gel
electrolyte, 0.3 mM of Aniline, under the dark and light conditions.

Further insights into the hybrid device characteristics were obtained by OCV and SCC
tests under the dark and light conditions, as shown in Figure 19 (b) and Figure 20, respectively.
The variation in the OCV during the dark and light conditions was monitored to study the
photovoltaic effect on the devices. First, the OCV test was conducted in the dark until reaching a
stable voltage. The OCV test was repeated under illumination for 400 s then in the dark for 600
s. As presented in Figure 19 (b), the change in the open circuit voltage (AV), for the device with
0.3 mM of Aniline, was reached to 58 mV in 400 s of illumination and then decreased to 35 mV
in 600 s of the dark mode. Besides, the SCC in the device was studied by light pulses every 20 s.
The results showed a slight increase in the current of 0.04 nA under the light pulses with a long-

period transition between the dark and light, as shown in Figure 20. The transient response from
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light to dark in the OCV result and the delay in the photocurrent response in Figure 20 suggest a

delay mechanism likely due to the storage effect in the gel.
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Figure 19: (a) UV-visible absorption spectrum, (b) open circuit voltage result of a hybrid
photovoltaic supercapacitor with PVA-(0.3 mM)PANI composite gel electrolyte.
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Figure 20: Short circuit current result of a hybrid photovoltaic supercapacitor with PVA-(0.3

mM)PANI composite gel electrolyte under dark and light pulses.
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To understand the behavior of the electrode-electrolyte interface and the composite gel
resistance in dark and light, electrochemical impedance spectroscopy (EIS) measurements were
carried out with the frequency range between 100 mHz and 100 kHz with no DC bias potential
and a sinusoidal signal of 20 mV. Figure 21 (a) shows the Nyquist plots for different
concentrations of Aniline and Figure 21 (b) for 0.3 mM of Aniline. The impedance results at
high frequencies exhibited a resistive behavior with a high series resistance due to low ionic
conductivity caused by the water loss in the gel (caused after 48 hours of the device fabrication).
Also, at the low frequencies, the slope of diffusion tail, for all concentrations, is almost 45°,

suggesting a diffusion dominated mechanism of charge transport.
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Figure 21: Nyquist impedance results of the hybrid devices with (a) different concentrations of
Aniline, and (b) 0.3 mM of Aniline in dark and light.

For gaining a better understanding of the effect of Aniline concentration on the behavior
of the cells, an equivalent circuit model has suggested for the device and simulation studies were
conducted to find various parameters in each gel under the dark and light conditions. The

suggested circuit model and the Bode plot of the measured impedance for the device with 0.3
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mM concentration of PANI are shown in Figure 22. The plots show both the magnitude, Figure
22 (a), and phase, Figure 22 (b). The equivalent circuit model represents the two stages of charge
storage. The first stage with the Cs and CPE represents the charge storage at the electrode-
electrolyte interface and the diffusion-limited response at the low frequencies, and the second
stage with Cge and Rge is suggested to represent the charge storage in the bulk of the gel
electrolyte which explains the redox peaks in the CV loops. EIS Spectrum Analyser software
was used to find the values of the model elements, and the measured parameters of the hybrid

devices, under the dark and light conditions, were listed in Table 2.
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Figure 22: Experimental and simulation results for (a) Magnitude and (b) phase of impedance for
the device with PVAPANI composite gel electrolyte containing of 0.3 mM of Aniline. (Inset)
electrical equivalent circuit models.

The results show that the series resistance (R;) of the device was lower for 0.1 mM and
0.3 mM of PANI, and the gel resistance (Rge/) was lower for 0.2 mM and 0.5 mM compared to
the other concentrations of PANI. The decrease in the Ry and Rg.s values under the light condition

for all concentrations of PANI shows a clear correlation between Ry and light and supports the

CV results. The variation in R, value in the dark and light was high for 0.3 mM which indicates
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the high light response in this concentration. There is no obvious effect on the capacitance at the

electrode-electrolyte interface (Ca) under the solar illumination. However, the capacitance of the

gel (Cqe) for all concentrations of PANI increases in the light which explains the photoelectric

and electrochemical charge storage properties of the gel. Also, the results show that Cye; of the

device was the highest for 0.3 mM of PANI in both dark and light.

Table 2: Impedance parameters of different concentrations of Aniline in the dark and light.

. Cgel Rgel

Devices R (kQ) R,(kQ) CuuF) (uF) (kQ) R.(kQ) 0<n<1 P (S.sec)
Og;ﬁﬁ 3.6904 19386 0.5 24793 70377 0.60477 0.4945 6.8E-05
0.1 mM

Light 35592 13489 05 35322 19499 0.66997 0.49674 8.37E-05
0']%;“154 15931 9999  0.5028  0.51 24287 24881 047379 1.58E-05
052;1:/1 0.6368 64674 05 058 148 19693 045673 2.42E-05
03;“154 3.9707 23132 05 47177 11477 0.65015 04386 1.57E-04
Ofig;f:ﬁ 35353 94652 0.5 500 67153 046011 047563 1.77E-04
Og;ﬁﬁ 23.175 14405 04035 04 7433 15325 038925 1.20E-05
Ofi;ﬁ/l 13.121 10000 0407 048  2.6694 3.8557 0.35951 1.32E-05
Og;ﬁﬁ 10.055 10000  0.46 50 2842 5.1597 0.54346 5.09E-05
Ofig;f:ﬁ 72463 10000 046 964  2.0784 3.6296 051349 6.76E-05

The presented results in this work exhibit the capability of the PVA-PANI composite gel-

based electrolyte with a dual property of the photoelectric and charge storage. The device with

0.3 mM of PANI showed the best electrochemical impedance spectroscopy results compared to

the other concentrations. Practically, the internal resistance of the device was high in both dark
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and light conditions. To enhance the performance of the device, reducing the internal resistance
by keeping the gel electrolyte wet is needed.
3.5 Conclusion

The effect of PANI concentration in a gel-based electrolyte on the impedance of a hybrid
photovoltaic supercapacitor based on a two-electrode configuration was studied. It was observed
that the addition of 0.3 mM of PANI in the composite gel electrolyte enhances the charge storage
and conductivity of the device compared to the other concentrations in this study. The internal
resistance of the device decreases in the light for all concentrations of PANI which shows the
photoelectric capability of the device. The energy harvesting and charge storage in hybrid

photovoltaic supercapacitors can be improved by optimizing the composite materials.
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Chapter 4: Hybrid Photovoltaic-Supercapacitors: Effect of the Counter Electrode on the
Device Performance’

4.1 Abstract

In recent years, the interest in photovoltaic supercapacitors has been increasing in order
to develop self-powered sensors for a sustainable system. Hence, significant research efforts are
needed to enhance the photoelectric and electrochemical performances of hybrid devices. Herein,
we have studied the effect of the porosity of different counter electrodes on the performance of
the hybrid photovoltaic supercapacitors. The photovoltaic supercapacitors were fabricated in one
package with a simple structure including a titanium dioxide (TiO2) coated on fluorine-doped tin
oxide (FTO) glass as a working electrode and polyaniline (PANI)-based gel electrolyte. The
performance of the hybrid device was studied with four different counter electrodes: a multi-
walled carbon nanotube (MWCNT) porous electrode, PEDOT:PSS coated on FTO glass, carbon
monolithic electrode, and a carbon-based conductive fabric. The specific capacitance of the
device with PEDOT:PSS coated FTO electrode was 255 mF/g in the dark and increased to be
274 mF/g under the light based on the mass of the gel. The hybrid device can be charged when
the working electrode is illuminated. The variation in the open circuit voltage (AV) was reached

256 mV in 400 s under illumination, and the voltage drop was 4 mV (—4%) in 600 s of the dark.

3 This chapter was published in SPIE proceeding (Kareri, T., Aljafari, B., & Takshi, A. (2021,
August). Hybrid photovoltaic-supercapacitors: effect of the counter electrode on the device
performance. In New Concepts in Solar and Thermal Radiation Conversion IV (Vol. 11824, p.
1182407). International Society for Optics and Photonics). Permission is included in Appendix
A.
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The current results of the hybrid photovoltaic supercapacitor, with a simple fabrication process
and basic structure, are boosting the study for the electrode materials selection to enhance the
performance of the hybrid device.
4.2 Introduction

Over the past half-century, fossil fuel consumption has increased significantly due to the
industrial revolution and global population growth, leading to climate change [1]. Recently, the
interest in renewable energy has grown significantly to address climate change and ensure
environmental sustainability [2, 3]. Therefore, the exploitation of renewable energy sources, such
as solar energy, has attracted great interest, especially in industrial and scientific research for the
applications in wearable electronics and self-powered devices such as wireless sensors [53, 169].
However, there are still major obstacles that limit the applications of renewable energy sources
(e.g., solar energy), including their high cost, stability, availability, and challenges in the energy
storage devices. Integrating solar energy systems with energy storage devices, such as batteries
and supercapacitors, is a key factor in developing and implementing renewable energy
applications. One of the solutions offered is the integration of a solar energy system with an
external storage system, as a hybrid system [170]. Another approach is to combine a solar cell
(i.e., dye-sensitized solar cell) with a supercapacitor in one package with three electrodes to
switch between the two operating systems [31, 92, 171]. However, this approach is not practical
in some applications like portable electronics that require low voltage and low power [172].

Our previous studies focused on fabricating and studying two-terminal hybrid devices
with a photoactive gel electrolyte and simple structure (like asymmetric supercapacitors
structure) [133, 173]. One of the most critical challenges in designing the hybrid device is

optimizing photovoltaic conversion and energy storage performance. To improve the low energy
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density in supercapacitors, developing new electrode materials with high porosity is needed [8].
Several approaches and electrode materials have been studied to enhance capacitance and energy
density in supercapacitors [8, 9]. Among different materials used for supercapacitors, carbon-
based materials are widely studied and utilized for manufacturing supercapacitors due to their
large surface area and high chemical and thermally stability [174, 175]. Also, conducting
polymers (e.g., PEDOT:PSS) and their composites are viable options due to their low cost with
the high specific capacitance, which can be processed easily for mass production of
supercapacitors [176, 177]. In this work, we have studied four different materials for the counter
electrode (CE), which serves as a supercapacitor, to improve the energy storage performance of
the hybrid device: A multi-walled carbon nanotube (MWCNT) porous electrode, poly(3,4-
ethylene dioxythiophene):polystyrene sulfonate (PEDOT:PSS) coated film on fluorine-doped tin
oxide (FTO) glass, carbon monolithic coated layer on FTO glass, and carbon-based conductive
fabric electrode. As shown in Figure 23, poly(vinyl alcohol) (PVA)/PANI composite gel, which
acts as an electrolyte and photoactive layer [133], was placed between two electrodes: titanium
dioxide (TiO2) coated layer on a transparent conductive substrate (FTO) glass as a working

electrode (WE) and the four different porous materials for CE.
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Figure 23: Schematic diagram of the hybrid device with different counter electrodes.
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4.3 Experimental
4.3.1 Materials and Instrumentation

Multi-walled carbon nanotube (MWCNT), PEDOT:PSS, sodium dodecylbenzene-
sulfonate (SDBS), ethylene glycol (EG), poly(vinyl alcohol) (PVA), ammonium persulfate
(APS), aniline, and phosphoric acid (HsPO4) were purchased from Sigma-Aldrich. A regular
printer paper was used for making the MWCNT paper electrode. TiO2 coated FTO glass and
carbon monolithic coated FTO glass were purchased from Solaronix, with a coated area of (0.6
cm X 0.6 cm). A carbon-based conductive fabric was purchased from Easy Composites. A
VersaSTAT 4.0 Potentiostat, connected with a solar simulator with a light intensity of 80 mW
cm 2 and AM 1.0 interior optical filter, was used to conduct all electrochemical tests at room
temperature and under the same experimental conditions. Evolution 201/220 UV-Visible
Spectrophotometer was used to measure the optical absorbance peak of the composite gel.
4.3.2 Electrodes Fabrication

MWCNT solution was made by adding 300 mg of MWCNT and 150 mg of SDBS to 30
mL of deionized (DI) water. Then, the solution was sonicated using a probe sonicator for 30
minutes at 30 W to disperse nanoparticles. After preparing the solution, the MWCNT electrode
was fabricated by coating 1 mL of MWCNT solution on a printer paper (4.0 cm X 7.0 cm),
followed by drying for 30 minutes at 120 °C using a vacuum oven. The coating and drying
process was repeated three times for each side to increase the conductivity of the MWCNT
electrode [167].

For the PEDOT:PSS electrode, a polymer solution was made by mixing PEDOT:PSS
with 5.0 wt% of EG [177]. The mixed solution was then sonicated for 45 minutes using a bath

sonicator to obtain a homogenous polymer solution. FTO glass substrate was cleaned by washing
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with DI water and sonicating in DI water, methanol, and ethanol for 5 minutes, respectively. The
PEDOT:PSS electrode was fabricated by dropping 15 pL of the solution onto (0.6 cm % 0.6 cm)
of the FTO glass using a drop-casting method, followed by drying on a hot plate for 15 minutes
at 90 °C, treating in EG for 5 minutes at room temperature to increase the conductivity, and then
annealing on a hot plate at 120 °C for 60 minutes.
4.3.3 Electrolyte Preparation

The PVA/H;3PO4 gel electrolyte was synthesized by adding 3 g of PVA to 20 mL of DI
water and 2 mL of H3POs, followed by stirring on a hot plate at 80 °C and 400 rpm for 4 hours.
A solution of 0.1 M APS and 0.5 mL of H3PO4 in 5 mL of DI water was added to the gel at room
temperature and stirred for 30 minutes at 400 rpm. Then, the PVA/PANI gel electrolyte was
made by adding 0.2 M of aniline to the gel at room temperature and stirred for 12 hours.
4.4 Results and Discussion

Cyclic voltammetry (CV) measurements were carried out in the potential window from
—1.0 V to +1.0 V at a scan rate of 50 mV s™! to study the energy storage performance of the
hybrid device with different counter electrodes. Figure 24 (a) exhibits the CV results of the
hybrid device based on the MWCNT counter electrode. Redox peaks were observed in the CV
curves due to the pseudocapacitive mechanism in the composite gel electrolyte. The results show
that the storage part of the device increases drastically under light illumination. The device with
the MWCNT counter electrode presents a specific capacitance of 121 mF g ! in the dark and 181
mF g! under light illumination, based on the gel mass. The CV curves of the device with the
PEDOT:PSS electrode shows strong redox peaks with increasing peak current density values,
that emerged from the surface redox reactions of the PEDOT:PSS electrode and the gel

electrolyte, as shown in Figure 24 (b). The device with the PEDOT:PSS electrode exhibits
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specific capacitances of 255 mF g™! and 274 mF g ! in the dark and light, respectively. It was
observed that the carbon monolithic-based counter electrode gives a low energy storage
performance compared to the other counter electrode materials, likely due to the low
mesoporosity of the carbon monolithic electrode, which limits the accessibility of electrolyte
ions [178]. The specific capacitance of the device with the carbon monolithic electrode was
calculated from the CV curve, Figure 24 (c), to be 77.5 mF g! in the dark and 92.2 mF g! under
illumination. As shown in Figure 24 (d), compared to the other counter electrode materials,
carbon-based conductive fiber shows the highest specific capacitance of 707 mF g! in the dark

and 844 mF g ! in the light, which is likely due to the high porosity of the fiber.
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Figure 24: Cyclic voltammetry results of the hybrid device with (a) MWCNT, (b) PEDOT:PSS,
(¢) carbon monolithic, and (d) carbon fiber fabric electrode.
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Despite the importance of energy storage performance in hybrid cells, the photovoltaic
effect of the devices must be considered to reach optimal performance. Due to the ability of the
PVA/PANI gel electrolyte to absorb light and act as an active layer, as shown in Figure 25 (a),
the photovoltaic performance of the device was studied in conventional methods of measuring
dye-sensitized solar cells (DSSCs) performance. In order to investigate the photovoltaic effect of
the hybrid device with different counter electrodes and the photoactive gel electrolyte, open
circuit voltage (OCV) measurement was performed in two steps by testing the device under

illumination for 400 s and then in the dark for 600 s, as depicted in Figure 25 (b).
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Figure 25: (a) UV-visible absorption spectrum of PVA/PANI gel, (b) open circuit voltage results
of the hybrid device with different counter electrodes.

The voltage of the device based on the carbon monolithic electrode was significantly increased to
reach 265 mV under illumination, while the other devices with MWCNT, PEDOT:PSS, and
carbon fiber reached 97 mV, 101 mV, and 34 mV, respectively. However, after 600 s of the dark
condition, the voltage drop (AV) of the devices with carbon monolithic, MWCNT, and carbon

fiber electrodes were 87 mV (— 33%), 70 mV (— 72%), and 17 mV (— 50%), respectively, due to
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the self-discharge in the hybrid devices. Unlike the other devices, the hybrid device based on the
PEDOT:PSS electrode showed the lowest voltage drop (AV) of 4 mV (— 4%), demonstrating its
ability to store charges for a longer time.

Furthermore, to evaluate the photocurrent response in the hybrid device, short circuit
current (SCC) measurement was performed under light pulses every 20 seconds. As shown in
Figure 26, in the dark cycles, the hybrid device exhibited a current of ~1.1 pA, ~0.55 pA, ~0.8
pA, and ~1.9 pA with the MWCNT, PEDOT:PSS, carbon monolithic, and carbon fiber,
respectively, that is due to the charge storage mechanism in the hybrid devices. Under
illumination cycles, the results showed an increase in the photocurrent (Al) about 0.61 pA, 0.44

pA, 0.62 pA, and 0.58 pA with the MWCNT, PEDOT:PSS, carbon monolithic, and carbon fiber

electrode, respectively.
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Figure 26: Short circuit current results of the hybrid device with different counter electrodes.

It is observed that all devices maintain good repeatability after several cycles of light pulses,

indicating that the hybrid device has a good stability of the light response with all tested counter
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electrodes. All the results of the presented hybrid devices with different counter electrodes are

summarized in Table 3.

Table 3: Summary of the hybrid device characteristics with different counter electrodes.

Counter . AV (in 400s) AV (in 600s) _
Electrode Capacitance Light Dark AJ= Al/(area)
MWCNT paper 121 mF g! 97 mV 70 mV (- 72%) 1.69 pA cm™2
FTO- 255mF g! 101 mV 4 mV (—4%) 1.22 pA cm™2
PEDOT:PSS 8 ° el
FTO-Carbon ) 5 & o 265 mV 87mV (-33%)  1.72 pA cm™
monolithic
Carbon fiber q  cno 5
fabric 707 mF g 34 mV 17 mV (= 50%) 1.61 pA cm
5 T
—MWCNT
- PEDOT:PSS

4 | == Carbon monolithic
=+~ Carbon fabric

Zre (kQ)
Figure 27: Nyquist plot of the hybrid device with MWCNT, PEDOT:PSS, carbon monolithic,
and carbon fiber counter electrodes.
In order to study the electrode-electrolyte interface in the hybrid cells, electrochemical
impedance spectroscopy (EIS) measurements were conducted at the same frequency range of

(0.1 Hz - 10 kHz), DC bias of 0 V, and a sinusoidal signal of 20 mV. Figure 27 shows the
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Nyquist diagram of the hybrid device. At low frequencies, the electrodes showed a nearly 45°,
implying a diffusion-controlled reaction. Compared to the other counter electrodes, the devices
with PEDOT:PSS and carbon fiber exhibited lower impedance, which supports the CV results.

The introduced results here demonstrate the two effects of energy storage and
photovoltaic of hybrid devices based on different counter electrode materials. The hybrid device-
based carbon conductive fiber presents the highest specific capacitance due to the high porosity
of the carbon fiber electrode. On the other hand, monolithic as a counter electrode shows the
demerit of energy storage part, which is expected due to the low penetration of the ions to the
surface of the CE. However, the voltage under the photovoltaic effect is extremely high
compared to the other counter electrode materials recording 265 mV. In terms of keeping
photogeneration charges after cessation of the light, PEDOT:PSS based counter electrode for the
hybrid device stands as the best material comparing to the others in this paper. Even though the
voltage of the device based PEDOT:PSS-counter electrode under the light is not the highest, the
AV is recorded to be the lowest for 600 s (4 mV).
4.5 Conclusion

Four different counter electrodes including MWCNT, PEDOT:PSS, carbon monolithic,
and carbon fiber fabric were studied to improve the energy storage performance of a two-
terminal hybrid device with a photoactive gel electrolyte. It was observed that the PEDOT:PSS
coated FTO counter electrode provides good energy storage performance with high stability of
the light response and low self-discharge rate compared to the other electrodes. Despite the
remarkable improvement in the hybrid device performance through this study, there is still a

great potential for further development.
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Chapter 5: Image Processing Analysis of Supercapacitors with Twisted-Fiber Structures
and a Gel Electrolyte?

5.1 Abstract

With the promising future of wearable electronics, a challenge is to find a suitable form
of energy storage. Various forms of fiber-based batteries and supercapacitors, including parallel,
coaxial and twisted fiber structures have been suggested. In this work, we have studied the
electrical properties of three different twisted-fiber supercapacitors made of different
commercially available conductive threads and a polyvinyl alcohol (PVA)-based gel electrolyte.
The large signal capacitance and the electrochemical impedance of all three samples were
studied for 1 to 6 turns of twists in 10 cm long threads. While the results showed a linear increase
in the capacitance with the number of turns in a nylon-based thread, a stainless steel fiber-based
device showed almost no change in its electrical properties with an increase in the number of
turns. The image processing tool from MATLAB was used to study the structure of twisted
threads. Analyzing the images showed that the change in the nylon-based capacitance was
related to the length of the overlapped two threads. However, the hairy and intertwined structure
of the threads containing stainless steel fibers had dominated the capacitive behavior of the

devices. The applied image processing method not only is useful for analyzing fiber-based

* This chapter was published in Journal of Applied Electrochemistry (Kareri, T., Yadav, R. L., &
Takshi, A. (2022). Image processing analysis of supercapacitors with twisted fiber structures and
a gel electrolyte. Journal of Applied Electrochemistry, 52(1), 139-148). Permission is included in
Appendix A.
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devices but also can be applied to design an optimum structure for high energy storage
capacitances.
5.2 Introduction

Supercapacitors have been considered significant energy storage devices due to their
high-power density and ability to fast charging and discharging compared to batteries [6].
Supercapacitors can be classified into three types based on their energy storage mechanism:
electric double-layer capacitors (EDLCs), pseudocapacitors, and hybrid capacitors [10]. The
electrical energy in EDLCs is stored based on charge accumulation at the electrode-electrolyte
interface called the double layer [10, 179]. Additionally, electrical energy storage can be
achieved by redox reactions in pseudocapacitors [10, 179]. Unlike batteries, supercapacitors have
a low energy density, at least ten times lower than batteries [180].

To increase the energy density in supercapacitors, developing new conductive and porous
electrode materials is demanded. Different techniques and electrode materials, such as carbon
materials, metal oxides, and conducting polymers, have been developed to improve capacitance
and energy density in supercapacitors [181-183]. With an increasing interest in using
supercapacitors for wearable electronics, in addition to the capacitance density, mechanical
properties, such as flexibility, mechanical stability, and weight of the devices, have become
important. Recently, different studies have been published on various types of flexible
supercapacitors, and among them flexible fiber supercapacitors [184-186].

The performance and functional properties of fiber supercapacitors depend on the
electrode and electrolyte materials and the device structure. There are several basic structures of
fiber supercapacitors, such as parallel [187], twisted [188-190], coaxial [191], and large-area

woven structures [192]. Among them, twisted fibers or threads have the simplest structure that is

61



promising for low-cost fiber-based energy storage. Here, the performance of three thread-based
symmetric supercapacitors with the twisted structure is studied. More focus has been given to
study the effect of the number of turns of twisting on the devices’ capacitance and
electrochemical impedances. The devices were fabricated using commercially available
conductive threads from Jameco, JL, and BCP as electrodes and polyvinyl alcohol (PVA)-based
gel electrolyte between them, as shown in Figure 28. Then the structure of the twisted fibers was
analyzed using an image processing tool to find a correlation between the twisted structure and

the capacitance of the devices.

(a)
Coated with
PVA/H,PO, gel electrolyte

<>

Conductive Threads

e e e T el
—_—

o

Coated with electrolyte
Fiber-shaped supercapacitor and twisted

» e - "’ e

Oin ¥ node S, antinode t

- L >

Figure 28: (a) Schematic and (b) the image of a twisted fiber supercapacitor, made by first
coating a thin layer of the gel on two pieces of fibers. Then, twist and coat another layer of the
gel. Features of a twisted structure, including the effective length, L, fiber thickness, ¢, and the
thickness at nodes, Jmin, and antinodes, dmax, are shown in the zoomed image of the twisted
structure.
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5.3 Experimental Section
5.3.1 Materials

Poly(vinyl alcohol) (PVA) and phosphoric acid (H3POs) were purchased from Sigma-
Aldrich. Jameco conductive thread (silver-coated nylon 66 fiber) with a lineal resistance of 50 Q
m~! was purchased from Jameco Valuepro. JL conductive thread (stainless steel fiber) with a
lineal resistance of 92 Q m™!, and BCP conductive thread (stainless steel fiber blended with
polyester) were purchased from SparkFun Electronics and BCP, respectively.
5.3.2 Preparation of Gel Electrolytes

The gel polymer electrolyte was prepared by adding 3 g of PVA to 2 mL of phosphoric
acid (H3PO4) mixed with 20 ml of deionized water. Then, the mixture was stirred well on a hot
plate at 90 °C for 4 h at a speed of 450 rpm until the PVA was completely solubilized. To
prevent water loss, the gel container was covered by Parafilm and slowly brought to room
temperature before use. The ionic conductivity of the gel electrolyte was measured to be
3.61x107* S cm™! at room temperature using a four-point probe conductivity meter connected to
a Keithley 2602 SourceMeter instrument.
5.3.3 Device Fabrication and Characterization

A few simple steps were followed to fabricate flexible fiber-shaped supercapacitors
(Figure 28 (a)). First, using a glue gun, toothpicks were glued to two-holes round sewing buttons
with the diameter of 1.2 cm and 2 mm spacing between the holes. A couple of the buttons were
held at a distance of 10 cm by inserting the toothpicks into a piece of a Styrofoam. A parallel
structure of two conductive threads was made by passing the threads through the buttons’ holes
and stretching the fibers before gluing them to the buttons (Figure 28 (b)). A piece of copper tape

was used at the end of each thread for reliable electrical connection during the measurement. The
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PV A-based gel electrolyte was uniformly coated on each fiber electrode separately and kept for
24 h to make it dry at room temperature. The dried coating was used instead of a separator to
avoid short circuit when the fibers were twisted. Then, the fiber electrodes were coated with the
gel electrolyte again and twisting them to make fiber supercapacitors with a twisted structure.
The performance of the devices was studied for each device with 1 to 6 turns which are referred
here as T1-T6. Since the lateral stress between the two fibers increases with the number of turns,
some samples showed short circuit between the two fibers for 7>76, where T is the number of
turns.

Princeton Applied Research VersaSTAT 4 was used to carry out all electrical and
electrochemical experiments in a two-electrode configuration. Cyclic voltammetry (CV),
galvanostatic charge-discharge, and electrochemical impedance spectroscopy (EIS) experiments
were performed to test the performance of the fiber supercapacitors at room temperature and
under the same experimental conditions. Scanning electron microscopy method was applied to
study the fiber structures. A 12 MP digital camera was used to take pictures of the samples at
different twisting turns. The digital images were later analyzed using the image processing tool
in MATLAB (R2017).

5.4 Results and Discussion
5.4.1 Device Characterization

CV measurements were conducted for all devices for six twisting turns in the potential
range between —0.5 V and +0.5 V at a scan rate of 50 mV s™!. The voltage range was deliberately
limited to 0.5 V to avoid water electrolysis. Figure 29 (a) shows the CV results of the fiber
supercapacitor based on Jameco threads with 1 to 6 twisting turns. For devices with one and two

turns (7’1 and 72), two pairs of redox peaks were observed in the CV curve: one pair around 0.0
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V and the other near 0.35 V. With the larger peak current near 0.0 V the second peak was not
visible as the device was tested for 3 to 6 turns of twists. The strong redox peaks near 0.0 V
suggest a pseudocapacitive behavior that emerged from the surface redox reactions, due to the
presence of silver in the structure of the fibers. The redox reaction is a reversible reaction
between Ag and Ag" (Ag" + e <> Ag). Considering the symmetrical structure of the device with
Jameco working and counter electrodes, a very small over potential is required for the redox
reaction. A similar redox peak has been observed in other supercapacitors with the electrodes
containing Ag nanoparticles [193, 194]. The weaker peaks (also were observed in Figure 29 (c))
are likely due to the redox active behavior of the gel electrolyte [195]. In our earlier publication
[195], we have studied this effect in the PVA gels and we have realized that PO4* anion can
make or break bonds with the PVA molecules and that results in a weak redox peak in the gel. It
should be noted that compare to the redox current through the silver reaction the contribution of
the electrolyte redox current is limited. Hence, as the redox current gets stronger in the Jameco
device, the second peak vanishes (not visible anymore). A noticeable aspect in the CV curves in
Figure 29 (a) is the increase of the redox peak amplitude with increasing the twisting turns,
which led to an increase in the capacitance of the device. Since the surface of the threads were
covered with the gel even before twisting, the increase in the capacitance with the increase in the
number of turns can be explained by the penetration of gel into the dense structure of the Jameco
fibers as the threads were twisted. Such effect was not observed in the other threads with a loser
structure that the gel was already penetrated deep into them, even before twisting. The CV
results of the device based on JL threads showed nearly symmetrical rectangular shapes, as
shown in Figure 29 (b). While the capacitance loop increased with the second twisting turn (72),

there is no noticeable increase with an increment in number of turns after that, indicating the
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device's capacitance limitation. Figure 29c shows a narrow CV loop in the BCP fiber-based
supercapacitor with one twisting (71). For 72 to 76, weak redox peaks were observed with a
significant increase in the capacitance area compared to the first twisting turn.
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Figure 29: CV curves of the supercapacitors with (a) Jameco, (b) JL, and (c¢) BCP fibers at
different twisting turns.

The specific capacitance values of the supercapacitors with Jameco, JL, and BCP fibers

at their highest value (i.e., 76) were 15.1 mF g, 3.55 mF g !, and 0.5 mF g !, respectively. The
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significantly larger capacitance in the Jameco device was due to the pseudocapacitive effect
because of the redox reaction of the silver coating on the thread, whereas the dominate storage
effect in the other two devices (i.e., JL and BCP) was the double layer charges at the electrode-
electrolyte interfaces.

The galvanostatic charge/discharge measurements of the fiber supercapacitors made of
the Jameco and JL were tested by chronopotentiometry (CP) technique with a constant current of
0.5 mA during the charge cycle and —0.5 mA for the discharge cycle. Due to the smaller
capacitance in the BCP devices, the current pulses were reduced to + 0.05 mA. The results of the
galvanostatic tests are presented in the supporting information in Appendix B (Figure S1). The
Jameco device exhibited an almost linear voltage profile with a slight distortion during the
charging and discharging cycles for one twisting turn (71). Due to strong Faradaic reaction in
Jameco fiber at higher turns, the voltage profile was changed to a nonlinear curve. However, JL
and BCP fibers gave nearly linear curves during the charging and discharging cycles, as shown
in Figure. S1 (b) and (c).

Additionally, electrochemical impedance spectroscopy (EIS) analyses were conducted for
studying the electrical behavior of the devices at different twisting turns. A frequency range of
0.1 Hz to 10 kHz was used for the impedance studies at 0.0 V DC bias and a sinusoidal signal of
20 mV. Figure S2 (a-c) show the Nyquist plots of the supercapacitors with Jameco, JL and BCP
fibers at different number of turns. The impedance spectra at the high frequency exhibited small
series resistance, especially for Jameco and JL fibers. At the low frequency, the diffusion tail
slope for (71) is nearly 45°, suggesting a diffusion-controlled reaction represented as a constant
phase element (CPE). For better understanding the difference between the samples at different

twisting turns, the Bode plot of the impedances for each sample at 71 and 76 are shown in Figure
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30. An equivalent circuit model consisting of two stages was suggested to represent the charge

storage at the electrode-electrolyte interface (Cq) and in the bulk of the gel electrolyte (Cger)

[195].
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Figure 30: Experimental and fitted results of the impedance magnitude and phase for the
supercapacitors with (a,b) Jameco, (c,d) JL, and (e,f) BCP fibers at 71 and 76. (Inset) the

equivalent circuit model.
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Using EIS Spectrum Analyzer (version 1.0) free software, the impedance results were
analyzed. Table 4 shows the suggested values for the capacitances, resistors and the constant
phase element (CPE) in each case. As shown in Figure 30, the simulated results from the small-
signal equivalent model are in perfect match with the experimental data. A noticeable feature in
the results is the small changes in the EIS response of JL from 71 to 76. However, the behavior
of Jameco and BCP devices are is very different at 71 and 76. The differences are well reflected
in the values of the elements of the circuit model as presented in Table 4.

Table 4: Impedance parameters of different fiber supercapacitors based on the number of twists
per length.

Devices R.(Q) R, (Q) (5;‘) (igF‘) Rea (Q) R.(Q) 0<n<l Q(Ss")
Jan;fco 13.31 1000000 39.36 2138 213  11.86 0.655 68.11x10°5
Jan;gco 10.81 997500 151.54 49.75 329  12.58  0.626 370.5x10°S
T 2849 141380 8272 2199 L74 2852 0855 9.65x10°
JT% 2393 69523 102.76 4027 197  40.13  0.825 17.13x10°°
BTCiP 341.89 8172600 1.86  0.88  54.57 79623 0.784  3.24x10°°
BTC6P 3207 77917 233 288 3037 417.14 0402  9.36x10°6

Most of the values in JL 71 and JL 72 are almost the same or at least in the same range.
However, R, has changed significantly in the BCP sample from 71 to 76. Also, as it is evident in
Figure 30 (e) and (f) that the nature of CPE changed from 71 to 76 when n was decreased from
0.784 to 0.402. It should be noted that although the resistance in Jameco and JL are at the same
range, the capacitance from the Jameco device was significantly higher because of two reasons:

(1) the packed structure of Jameco (providing much higher internal surface area) and (2) the
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pseudocapacitive effect due to the presence of Ag in the composition of Jameco. Overall, the
results show that, in comparison to the other two, the JL based capacitor had a more consistent
electrical behavior at different turns. Since the conductive material in JL and BCP is the same
(i.e., stainless steel), we have studied the effect of the thread structures on the structure of the
devices when two threads were twisted.
5.4.2 Image Processing

To better understand the structure of each fiber, SEM images were taken. While Figure
31 (b), (d), and (f) show that the micro-fibers of each sample were uniform (Jameco with ~30
um, JL and BCP with ~10 pm in diameter), their thread structure in Figure 31 (a), (c), and (e)

are very different.

Figure 31: SEM images of (a,b) Jameco, (c,d) JL, and (e,f) BCP threads.
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Jameco with the nylon fibers had a packed and uniform thread diameter of ~0.57 mm. The
purchased stainless steel thread from JL had a structure of a twisted pair with the node and
antinode diameters of ~0.51 mm and ~0.77 mm, respectively. The stainless steel mixed with
polyester thread (i.e., BCP) had the finest diameter of 0.42 mm. A notable feature of the JL and
BCP threads was their fuzzy (hairy) structure. The initial gel coating on each fiber (before
twisting) apparently is effective to reduce their fuzzy surface for not short circuiting the devices

(Figure S3).

Figure 32: Image processing steps: (a) reading the image files, (b) converting to the black and
white, (c¢) opening the adjust contrast tool, (d) adjusting the minimum and maximum of the
contrast range to get (e) the images with high contrasts. (f) Analyzing the image with (g) the
inspect pixel values and (h) the measure distance tools. (The image is from the Jameco device at
T2 turns).
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To understand the reason for the change in the capacitance when the threads were
twisted, digital images were taken from the devices with 71 to 76 turns. Before processing, the
images were cropped to reduce the size of the digital files from 3024x4032 pixels to 3024x627
(Figure S4). Each image was opened in MATLAB, using imread() and imshow() instructions
(Figure 32 (a)). Then, the pictures were converted to black and white using rgb2gray() function
and opened with imtool() in MATLAB (Figure 32 (b)). Using the Adjust contrast tool with the
consideration of the contrast map, the minimum and maximum of the contrasts were set at 118
and 190 values, respectively (Figure 32 (c-e)). The high contrast images were further analyzed
using the Inspect pixel values and the Measure distance tools (Figure 32 (f-h)). To measure
different features, simply pixels with a value less than 175 (gray and black pixels) were counted,
assuming to be the image of the fibers. Measuring the number of pixels between two marks on
the ruler in the picture, number of the pixels were converted to the mm scale. The average
diameter of each thread (¢), the effective length of the twisted structure (L), the thickness of the
twisted structure at nodes (dmin) and antinodes (dmax) were measured and are reported in Table 5.
The concept of each feature is shown in the schematic in Figure 28 (b). The processed images
showed large differences from 7'1 to 72 in all the samples, particularly the effective length was
increased more than twice between 71 and 72. However, incremental changes in L were
observed from 72 to 76. The measured data shows that at each turning state, L in BCP was the
shortest due to its low thread diameter, . Another noticeable feature was the variation in the
thicknesses at the nodes and antinodes. In Jameco, dmax Was almost equal to 2%z, but dmax < (2%7)
in the JL and BCP devices for all cases from 71 to 76. To study the uniformity of the twisted
structures, normalized Ad = (Omax—0min) to the thickness of the threads (Ad/f) were calculated and

reported as the uniformity factor in Table 5. While the variation in the thickness of the structure
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was near or higher than 100% of the thickness in the Jameco devices, JL showed much more

uniform structure. Specifically, at 76 Jameco had 160% variation in the thickness while the

uniformity factor was only 21% in the JL sample. This is mainly due to the structure of JL thread

being made of a twisted pair in each thread. As shown in Figure 31 (c), the JL thread has a non-

uniform thickness along its length (0.54 mm < ¢ < 0.71 mm) which has affected on how the two

threads were entangled when twisted in a device (Figure S5).

Table 5: Measured dimensions of the samples using the image processing tool in MATLAB and
calculated the uniformity factor in the twisted structures.

. Jameco (Nylon+Ag JL (SS fibers) BCP (Polyester+SS)
Devices coating)
(mm) (mm)
(mm)
Thread t=0.54-0.71
diameters £=0.52 fave = 0.625 (=0.38
Omin = 0.53 Omin = 0.65 Omin = 0.38
1 Omax = 1.07 Omax = 1.04 Omax = 0.56
L=13.6 L=145 L=119
Ad/tx100 = 104% Ad/tavex100 = 63% Ad/tx100 = 47%
Omin = 0.61 Omin = 0.74 Omin = 0.34
m Omax = 1.07 Omax = 1.04 Omax = 0.56
L=31.7 L=318 L=234
Ad/tx100 = 88% Ad/tavex100 = 49% Ad/tx100 = 57%
Omin = 0.52 Omin = 0.69 Omin = 0.25
e Omax = 1.00 Omax = 1.03 Omax = 0.55
L=40.1 L=43.8 L=28.6
Ad/tx100 = 92% Ad/tavex100 = 55% Ad/tx100 = 79%
Omin = 0.44 Omin = 0.69 Omin = 0.30
™ Omax = 1.10 Omax = 0.95 Omax = 0.55
L=1539 L=48.1 L=36.8
Ad/tx100 = 127% Ad/tavex100 = 42% Ad/tx100 = 65%
Omin = 0.53 Omin = 0.84 Omin = 0.30
75 Omax = 1.10 Omax = 1.07 Omax = 0.55
L=59.0 L=160.3 L=40.7
Ad/tx100 = 109% Ad/tavex100 = 37% Ad/tx100 = 65%
Omin = 0.39 Omin = 0.88 Omin = 0.25
76 Omax = 1.22 Omax = 1.01 Omax = 0.51
L=64.9 L=68.0 L=47.1
Ao/tx100 = 160% Ad/tavex100 = 21% Ad/tx100 = 68%
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Figure 33: The magnitude of the capacitances and the effective length of the twisted structures
vs. number of the twisting turns in the (a) Jameco, (b) JL, and (c) BCP devices.

The JL thread structure had also an effect on the stress between the two threads. As the
reported values in Table 5 shows, in the Jameco and BCP samples, the lowest amount of dmin
occurred at 76 reflecting the effect of the lateral stress between the fibers at the larger number of
turns. In contrast, at 76, dmin in JL was not the lowest. Again, this can be explained through the

JL thread structure. Because of the twisting structure of the JL threads (Figure 31 (c¢)), when two
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threads were twisted in a device, the threads intertwined along each other with relatively a lower
level of lateral stress compared to the solid structure of Jameco threads.

The correlation between the effective length of the twisted-fiber structure and their
capacitances was further studied in Figure 33. The change in the capacitance in the Jameco
device showed a gradual increase with the number of turns. The capacitance increase from 72 to
76 was 2.05 times which is in good agreement with the increase in the effective length from 31.7
mm in 72 to 64.9 mm in 76 (2.04 times increase). However, the capacitance variation in the JL
and BCP devices does not show any correlation with the effective length. As observed, the
capacitance value increased after 71 in BCP and JL devices and stayed almost at its maximum
value. A reason could be the hairy structure of the stainless steel based threads that dominates the
capacitance when the fibers are close enough to have the gel bridging between them. Since the
entire fiber length is coated with the gel electrolyte, a part of the structure that fibers are not
twisted but extended along each other can participate in the charge storage.

The results suggest that the structure of threads is important when designing a twisted-
fiber supercapacitor. Specifically, the dual-fiber structure of JL and its non-redox active material
of the threads (stainless steel, in contrast to Ag in Jameco) result in fabrication of devices with
consistent and predictable electrical properties. Although the structure of threads plays a vital
role in the storage performance of fiber-based supercapacitors, the performance can be further
optimized by studying the concentration, conductivity, viscosity, tensile, and aging effect of the
gel electrolyte. In particular, the effect of losing water from the gel electrolyte under ambient
conditions (and even absorbing water if the supercapacitor devices are used in washable
wearable electronics) need to be studied to find the potential applications of the twisted fiber

supercapacitors.
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5.5 Conclusion

In conclusion, using the image processing tools in MATLAB, the structure of twisted
fibers from different thread materials was analyzed to find the effective length and study the
uniformity of the twisted structures at different number of turns. The measured capacitances
from various twisted fiber structures revealed that when the conductive threads are made of
smooth and uniform threads (e.g., Ag-coated nylon fibers in the Jameco threads), the capacitance
is directly related to the effective length of the device. However, a more uniform twisted
structure can be achieved from stainless steel threads with dual-twisted fiber thread structure.
The results can be used in the future for designing more efficient wearable energy storage

devices.
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Chapter 6: A Flexible Fiber-Shaped Hybrid Cell with a Photoactive Gel Electrolyte for
Concurrent Solar Energy Harvesting and Charge Storage®

6.1 Abstract

Fiber-shaped solar energy harvesting and storage devices are promising flexible hybrid
systems for next-generation wearable electronics. Here, three flexible fiber-shaped hybrid
devices were designed and fabricated by twisting two different conductive threads as electrodes
and a photoactive gel-based electrolyte. In all three devices, the electrolyte was a composite gel
of polyaniline (PANI), polyvinyl alcohol (PVA), and an acid (H3POs) and the cathode electrode
was a piece of a commercially available stainless steel-based thread. However, for two of the
devices, conductive threads, one coated with Ag and another coated with carbon nanotube
(CNT), were used as the anode electrodes with different work functions. In the third device, ZnO
nanowires (NWs) were grown on the CNT coated threads as the electron transport layer (ETL)
on the anode. The capacitance, photovoltage, and photocurrent of all three devices were
measured. The highest capacitance was found to be 10.1 mF cm™! in device with the anode made
of Ny66-Ag/CNT, while a photovoltage of 37 mV was measured in the device with the ETL
when exposed to light for 400 s. The current results provide a new design strategy with a flexible
structure and simple fabrication process for the fiber-shaped hybrid devices with the dual

properties of energy harvesting and storage.

> This chapter has been submitted to journal of Advanced Functional Materials. (T. Kareri, M.
Hossain, M. K. Ram, and A. Takshi. (2022). A Flexible Fiber-Shaped Hybrid Cell with a
Photoactive Gel Electrolyte for Concurrent Solar Energy Harvesting and Charge Storage.
Submission confirmation letter is included in Appendix A.
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6.2 Introduction

Science is making rapid steps towards the era of artificial intelligence and the internet of
things to provide an intelligent future that can enhance the speed, accuracy, and effectiveness of
research, human, and industrial efforts. In this process, the new generation of electronics must
keep pace with this development and comply with the requirements in terms of shape, flexibility,
functionality, and performance for the new applications. Currently, majority of the wearable
electronics are made of circuits being fabricated on a flexible substrate and glued/sewn to
fabrics.[15] Such structures lack the required flexibility for convenient wearable electronics.
Hence, the focus is drifting toward fiber-based devices and systems that can be integrated into
fabrics. Considering the required powers for such electronics, fiber-shaped supercapacitors and
fiber-shaped solar cells have attracted increasing scientific attention [17, 196]. Various types of
fiber-shaped supercapacitors have been reported in recent years with parallel [197, 198], twisted
[188], and coaxial fiber structures [191, 199] fabricated with different methods using various
types of the electrode materials (i.e., carbon-based [191], metallic [197], and composite materials
[188, 198, 200]). Some of the devices have presented relatively high power densities, fast
charging/discharging, and long cycle life. However, the low energy density and high self-
discharge in such devices are among challenges that require more scientific studies [16]. Also,
energy harvesting devices (e.g., solar cells) can be fabricated using fibers and threads. Different
types of fiber-shaped solar cells have been reported recently, such as dye-sensitized solar cells
[201-203], perovskite [204, 205], and organic solar cells [206].

Integrating electrochemical energy storage and harvesting in a single fiber-based hybrid
device presents unique features and potential for wearable applications and self-powered

systems. However, some issues and challenges need to be overcome, such as low efficiency and
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performance, low mechanical and electrochemical stability, and cost of fabrication [17].
Although the majority of the reported hybrid devices for wearable electronics were made with
flat structures stacking solar cells and supercapacitors being attached to textile [207], some
devices used conductive threads as the electrodes to make fiber shape supercapacitors and solar
cells connected together to make a hybrid system [208]. Dye-sensitized solar cells are widely
used as an energy conversion unit in most fiber-shaped hybrid devices due to their low cost,
reasonable efficiency, and ease of fabrication, and they can be fabricated with the energy storage
unit on the same thread (electrode) [112, 113] or different threads separately, which can be
woven into textiles [114]. However, the complexity in fabricating solar cells and supercapacitors
on threads is a major concern for their applications in wearable electronics.

In the attempt for developing two-terminal hybrid solar cell-supercapacitor devices,
previously, we have reported a new class of hybrid devices made from a photoredox active gel
electrolyte being placed between two electrodes [133]. The gel was a composite material
consisting of polyvinyl alcohol (PVA), polyaniline (PANI), ammonium persulfate (APS), and an
acid. The fabrication process of the flat devices was as simple as placing the photoredox active
gel electrolyte between two electrodes [133, 173, 209]. In this work, the approach has been
transformed for making thin, lightweight, and flexible fiber-shaped hybrid energy storage and
harvesting devices with a twisted structure and simple fabrication processes using two
conductive threads and the photoactive composite gel electrolyte. Although the gel electrolyte
functionality, which can serve both as a redox-active layer and electrolyte, is critical to develop a
hybrid device, the work function and structure of the electrodes are also important for efficient
charge storage and electron transfer. Hence, we have studied the effect of the different anode

thread shape electrodes in devices made with a stainless steel (SS) fiber shape cathode and the
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composite gel electrolyte. Three devices were fabricated and compared. The first device was
made using a silver-coated nylon 66 (Ny66-Ag) thread and a CNT coated Ny66-Ag thread was
used as the anode in the second device. To improve the electron transfer rate from the gel to the
anode, the third device had an anode made from a CNT coated thread with a grown layer of ZnO
NWs (Ny66-Ag/CNT/ZnO-NWs) as the electron transport layer. Figure 34 shows the simple

steps used for fabricating a device and pictures of hybrid devices tested in the lab.
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Figure 34: (a) Schematic illustration of the fabrication steps of the Ny66-Ag/CNT/ZnO-NWs
anode electrode and the final device structure, (b,c) photographs of the fiber-shaped hybrid
devices.

6.3 Experimental Section

6.3.1 Materials

The required chemical materials, including PVA and phosphoric acid (H3POs),

ammonium persulfate ((NH4)2S205) (APS), aniline (ANI), sodium dodecylbenzenesulfonate
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(SDBS), zinc acetate dihydrate (ZAD), sodium hydroxide (NaOH), ethanol, hexamethylenete-
tramine (HMTA), and ammonium hydroxide (NH4OH) were purchased from Sigma-Aldrich.
Multi-walled CNTs and zinc nitrate hexahydrate (ZNH) were purchased from Alfa Aesar. Silver-
coated nylon 66 (Ny66-Ag) conductive thread with a lineal resistance of 50 Q m™! and SS-based
threads were purchased from Jameco Electronics and Electronics123, respectively.
6.3.2 Preparation of the Gel Electrolyte and the CNT Ink

The composite gel electrolyte was prepared as was described in our earlier work [133].
The process included three steps starting with adding (3 g) of PVA to (2 mL) of H3PO4 mixed
with (20 mL) of DI water and stirring well on a hot plate at 90° C over a period of 5 h at a speed
of 400 rpm until the PVA was completely solubilized. In the second step, (5 mL) solution of (0.1
M) APS in (0.5 mL) of H3PO4 was added to the PVA/H3PO4 solution at room temperature with
continuous stirring for 30 min at 500 rpm. After that, the PVA/PANI composite gel electrolyte
was made by adding (0.2 M) of aniline to the PVA/H3PO4+/APS at room temperature with
continuous stirring for 12 h. The CNT ink was made as explained before by dispersing (300 mg)
of MWCNT and (150 mg) of SDBS in (30 mL) of deionized (DI) water under probe sonication
for 40 min at a power of 30 W and an energy of 40 J [210].
6.3.3 Preparation of Electrodes

Three different anode electrodes were fabricated using Ny66-Ag conductive thread as the
base: a) as-purchased Ny66-Ag, b) CNT coated Ny66-Ag thread (Ny66-Ag/CNT), and c) ZnO
NWs grown on the CNT coated Ny66-Ag (Ny66-Ag/CNT/ZnO-NWs). The Ny66-Ag/CNT
electrode was made through repeated, 10 times, dip-coating of Ny66-Ag threads into the CNT

ink followed by drying at room temperature.
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For the Ny66-Ag/CNT/ZnO-NWs electrode, the growth of ZnO nanowires on the Ny66-
Ag/CNT thread was carried out through a hydrothermal process that depends on the reactions of
zinc acetate dihydrate, zinc nitrate hexahydrate, and hexamethylenetetramine [211]. In brief, the
seeding solution (ZnO nanoparticles) was first prepared by dissolving (18 mg) of ZAD and (5
mg) of NaOH separately into (20 mL) of ethanol, followed by adequate stirring on a hotplate at
65° C for 25 min. Then, (20 mL) of ethanol was added into the ZAD solution to dilute it,
followed by slow stirring at 65° C for 35 min. After the two solutions were brought to the
ambient temperature for 30 min, the NaOH solution was slowly added to the ZAD solution using
a burette with slow stirring; then, the seeding solution was put into an oven for two hours to
crystallize the ZnO nanoparticles. After the crystallization process, a white precipitate was
observed, indicating the existence of ZnO nanoparticles in the seeding solution. In order to
provide nucleation sites for the growth process, the Ny66-Ag/CNT thread was dipped into the
Zn0O seeding solution for 5 min and dried for 5 min at 85° C with repeating the process three
times to obtain a uniform layer of ZnO nanoparticles.

After the seeding process was done, the growth solution was prepared by dissolving (3 g)
of ZNH and (0.7 g) of HMTA separately into (190 mL) of DI water and mixed at room
temperature, followed by adding (10 mL) of ammonium hydroxide (NH4OH) to the final mixture
to increase the growth efficiency [212]. The Ny66-Ag/CNT/ZnO nanoparticles thread was
immersed in the growth solution and put into an oven at 85° C for 8 hours, then washed and dried
at room temperature. A 3D printed holder was designed and used to set the thread horizontally
inside the middle of the growth solution to make the growth rate of the ZnO nanowires uniform
around the fibers and reduce unwanted deposits during the hydrothermal process (Figure S6) in

Appendix C.
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6.3.4 Device Fabrication and Characterization

The fiber-shaped hybrid devices were fabricated by cutting 10 cm long pieces of the
prepared anode electrodes (Ny66-Ag, Ny66-Ag/CNT, or Ny66-Ag/CNT/ZnO-NWs threads) and
a similar size cathode electrode (SS-based conductive thread), covering separately by a uniform
thin layer of the PVA/PANI composite gel electrolyte, and drying for 24 hours at room
temperature. Then, devices were made by putting the anode and cathode electrodes in parallel
with a few millimeters spacing, applying a layer of the gel electrode between them and then
twisting the threads for 10 turns (~1 turn per cm).

Surface morphologies and structures of the anode electrodes were characterized via
scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS)
(HITACHI S-800). VersaSTAT 4 Potentiostat/Galvanostat was used to conduct the electrical and
electrochemical experiments in a two-electrode configuration. Different experiments were
executed to characterize the electrochemical properties and test the performance of the fiber-
shaped hybrid device, including cyclic voltammetry (CV), galvanostatic charge-discharge, open
circuit potential (OCP), short circuit current (SCC), and electrochemical impedance spectroscopy
(EIS) experiments. To test the fiber-shaped hybrid device under two operation modes (dark and
light) and minimize stray light effects in the experiments, the devices were placed in a dark box
with an optical fiber connected to a solar simulator (Radiant Source Technology Inc.) with a light
intensity of 80 mW c¢m 2 and AM 1.0 interior optical filter.

6.4 Results and Discussion
6.4.1 Characterization
To understand the surface morphology of the fiber-shaped electrodes, scanning electron

microscopy (SEM) images were taken before coating with the gel and the device fabrication.
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Figure 35a shows an SEM micrograph of the commercial conductive Ny66-Ag thread with an
estimated diameter of 560 um. Also, it can be seen that the microfibers have a uniform structure
with ~29 pm in diameter for each fiber (Figure 35 (b)). The diameter of the Ny66-Ag/CNT
thread remained uniform after coating the Ny66-Ag thread with a layer of CNT, as shown in
Figures 35 (c¢) and 35 (d). Figures 35 (e) and 35 (f) exhibit the surface of the Ny66-
Ag/CNT/ZnO-NWs electrode after the hydrothermal growth of ZnO nanowires. The thread was
uniformly covered with radially aligned ZnO nanowires with an estimated nanowire length of 2

pum and diameter of 330 nm. For the cathode electrode, SS thread with a diameter of ~490 um

(Figure 35 (g)) and ~ 8.5 um for each fiber (Figure 35 (h)) was used.

Figure 35: SEM images of (a,b) Ny66-Ag conductive thread at different magnifications, (c,d)
Ny66-Ag/CNT electrode surface, (e,f) ZnO nanowires growth on Ny66-Ag/CNT/ZnO-NWs
electrode, and (g,h) SS conductive thread at different magnifications.

Furthermore, energy-dispersive X-ray spectroscopy (EDS) analysis was conducted to

identify chemical elements on the anode electrodes. The result in Figure 36 (a) confirms the

presence of a high percentage of Ag element (~75 wt%) in the Ny66-Ag conductive thread. After
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adding a CNT layer uniformly on the surface of the Ny66-Ag, carbon and Ag elements appeared

in the spectrum with percentages of 48.8 and 50.1 wt%, respectively (Figure 36 (b)). Meanwhile,

the elements sodium (Na) and sulfur (S) also appeared due to adding sodium dodecylbenzene-

sulfonate (SDBS) surfactant with the CNT ink. The EDS analysis of the Ny66-Ag/CNT/ZnO-

NWs electrode indicates a high percentage of Zn, about 92.3 wt%, confirming the homogeneous

coverage of the thread surface with the ZnO nanowires (Figure 36 (c)).
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Figure 36: EDS analysis of (a) Ny66-Ag conductive thread, (b) Ny66-Ag/CNT, and (c¢) Ny66-
Ag/CNT/ZnO-NWs electrodes.
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6.4.2 Electrochemical Properties of Fiber-Shaped Hybrid Devices

The fabricated devices were characterized using various electrochemical experiments.
Cyclic Voltammetry (CV) measurements were executed with the potential range between —0.5 V
and 0.5 V at 50 mV s! scan rate to investigate the energy storage performance of the fiber-
shaped hybrid devices. As shown in Figure 37 (a), the CV curve from the first device with the
anode of Ny66-Ag showed energy storage capability with both double-layer and
pseudocapacitive charge storage mechanisms with redox peaks at 0.2 and 0.4 V. A similar effect
of pseudocapacitive storage was observed in our previous work when twisted-fiber
supercapacitors were made from a PVA-based gel and two Ny66-Ag electrodes with the strong
redox peaks associated to silver [213]. The capacitance of the fiber-shaped hybrid device with
the Ny66-Ag electrode was calculated to be 2.9 mF ¢cm™! (or 20.2 mF g ! based on the gel mass)
in the dark. As expected, after coating the threads with CNTs, the capacitance in the Ny66-
Ag/CNT device was increased to 10.1 mF cm™! likely due to the much larger surface area that
CNTs have provided. The CV curves of Ny66-Ag/CNT electrode also show a two-stage charge
storage mechanism with shifting the anodic peak to 0.1 V and the cathodic peak to a voltage
higher than 0.5 V. Since MWCNTs and stainless steel are not redox active materials, the strong
peaks can be due to the redox reactions inside the gel as reported before [133]. However, the
change in the cell resistance after coating with CNTs can be the reason for shifting the redox
peaks in the two-terminal electrochemical cell. After ZnO nanowires growth on the Ny66-
Ag/CNT/ZnO-NWs electrode, the device showed a dominated double-layer charge storage of 6.8
mF cm™! with no redox peaks which is likely due to the thick layer of ZnO NWs and their

semiconducting property suppressing reversible redox reactions at the anode [214]. As the results
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suggest, the Ny66-Ag/CNT fiber delivers the highest capacitance of 10.1 mF cm™!, compared to

the other electrodes.
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Figure 37: Comparative (a) CV and (b) galvanostatic charge-discharge curves of the fiber-shaped
hybrid device with Ny66-Ag, Ny66-Ag/CNT, and Ny66-Ag/CNT/ZnO-NWs anode electrodes
tested in dark. The CV scan rate was 50 mV s,

Also, each device was tested once in the dark and once under solar simulated
illumination. All three devices showed a slight increase in the capacitance under illumination,
indicating the solar energy harvesting and energy storage capabilities of the gel electrolyte
(Figure S7). However, due to the domination of the capacitive effect, the current-voltage
characteristic in the devices are almost the same with a small increase in the voltage and current
in the light, due to the generated photovoltage and photocurrent.

To understand the effect of different coatings on the series resistance (Ry), the
galvanostatic charge-discharge profiles of the fiber-shaped hybrid devices were studied by
chronopotentiometry (CP) method at a constant current of £ 500 pA for Ny66-Ag and Ny66-
Ag/CNT, and +50 pA for Ny66-Ag/CNT/ZnO-NWs. The charge-discharge curves shown in

Figure 37 (b) exhibit non-linear shapes for Ny66-Ag and Ny66-Ag/CNT electrodes during the
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charging and discharging cycles due to the faradaic reaction [213]. However, the Ny66-
Ag/CNT/ZnO-NWs electrode shows an almost linear voltage profile during the charging and
discharging cycles, confirming the observed double-layer charge storage mechanism in the CV
results [215]. Considering the voltage drop (AVp) at the transition between the charging and
discharging cycles, the equivalent series resistance (ESR) of the devices were found to be 102.46
Q, 111.68 Q, and 1733.3 Q for the devices with the anode of Ny66-Ag, Ny66-Ag/CNT, and
Ny66-Ag/CNT/ZnO-NWs, respectively.

As shown in Figure S8, in Appendix C, due to the domination of the capacitive effect, the
standard I-V characterization for solar cells does not reflect the ability of the hybrid 2-terminal
devices [172]. Therefore, the open circuit potential (OCP) and short circuit current (SCC)
measurements were conducted to gain further insights into the photovoltaic (PV) performance of
the fiber-shaped hybrid devices. As illustrated in Figure 38 (a), OCP of the fiber-shaped hybrid
devices was tested with the different anode electrodes in two steps, under illumination for 400 s
and in the dark for 600 s. In all devices, the magnitude of the OCP increased during the
illumination, confirming the ability of harvesting energy. The negative photovoltage implies
electron collections by the anode. For the Ny66-Ag electrode, the magnitude of the photovoltaic
potential (AVpn) was increased around 30 mV under illumination and slightly decreased to ~28
mV in the dark mode. However, after adding a porous layer of CNT on the electrode (Ny66-
Ag/CNT), the voltage of the hybrid device only reached 17 mV in light with a high self-
discharge rate in the dark. As expected, the highest OCP was achieved after adding the electron
transport layer (ZnO NWs) on the electrode. The photovoltage was improved significantly and
reached 37 mV in 400 s of illumination in the device with the Ny66-Ag/CNT/ZnO-NWs

electrode.
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Besides, SCC measurements were executed under light pulses to evaluate the
photocurrent response in the fiber-shaped hybrid device. Since the thickness of the twisted
structures were almost the same in all three different devices (~1 mm), the current density is
reported as the normalized current to the device length, as depicted in Figure 38 (b). Under
illumination cycles, the fiber-shaped hybrid device exhibited a photocurrent (A/) response
around 3.5 nA cm™!, 6.3 nA cm™!, and 15.1 nA cm™! with the Ny66-Ag, Ny66-Ag/CNT, and
Ny66-Ag/CNT/ZnO-NWs electrode, respectively. The good repeatability after several cycles of
light pulses suggests the stability of the light response. The results clearly show that after adding
the ETL of ZnO NWs, the photocurrent was improved significantly. It should be noted that the

negative OCP and positive photocurrent implies the generation mode in all devices [145].
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Figure 38: Comparative measurements of (a) open circuit potential of the fiber-shaped hybrid
devices with Ny66-Ag, Ny66-Ag/CNT, and Ny66-Ag/CNT/ZnO-NWs anode electrodes and (b)
short circuit current under light pulses.

Electrochemical impedance spectroscopy (EIS) measurements were conducted to study

the behavior of the interface between the electrodes and the electrolyte in the devices. The EIS

experiments were conducted in a frequency range of 10 kHz to 0.1 Hz at 0 V DC bias and a
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sinusoidal signal of 15 mV. Figure 39 exhibits the Nyquist plots of the fiber-shaped hybrid

devices under the dark and light conditions.
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Figure 39: Nyquist plots of the fiber-shaped hybrid device with (a) Ny66-Ag, (b) Ny66-Ag/CNT,
and (c) Ny66-Ag/CNT/ZnO-NWs anode electrodes in the dark and under illumination; (d)
comparative Nyquist plots of the devices in the dark condition. (Inset) the electrical equivalent
circuit model.

The impedance results of the devices with the Ny66-Ag and Ny66-Ag/CNT electrodes showed
relatively small series resistances at the high frequency compared to Rs in the Ny66-
Ag/CNT/ZnO-NWs electrode. At lower frequencies, the diffusion tail slope for all electrodes

revealed an inclination of almost 45°. To compare the differences in different electrodes under

the dark and light conditions, a simple electrochemical equivalent circuit was suggested. The
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measured EIS spectra were fitted to the simulated model using EIS Spectrum Analyser software
based on the proposed equivalent circuit in Figure 39 (d), representing the two-stage charge
storage mechanism at the electrode-electrolyte interface (Ca) and in the bulk of the gel
electrolyte (Cg) [173]. The equivalent circuit model is also described by the series resistance of
the device (Rs), the resistance of the photoactive gel electrolyte (Rg), and the constant phase
element (CPE). The fitting parameters are listed in Table S1 (Supporting Information), in
Appendix C. Comparing the results in Figure 39 (a-c), it was observed that the effect of
illumination on the impedance in the devices with the Ny66-Ag and Ny66-Ag/CNT electrodes
was not significant, while a noticeable change was found in Rs with the Ny66-Ag/CNT/ZnO-
NWs electrode under illumination. In that device, Rs dropped from 1733.3 Q in the dark to

1713.4 Q under simulated solar illumination.
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Figure 40: Stability measurements of the device with the Ny66-Ag/CNT/ZnO-NWs electrode. (a)
CV curves before/after 1200 cycles at 50 mV s ! and after washing process. (b) Photovoltaic
performance during the stability measurements.

The stability of the device with ZnO NWs was further studied by testing it 4 months after

the fabrication while being stored in the lab. Following the test, the device was charged and
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discharged for 1200 cycles with a scan rate of 50 mV s™!. The performance of the device was
tested again after the cycles. The results of the CV and the OCP measurements are presented in
Figure 40. While the capacitance was 6.8 mF cm™! (Figure 37 (a)), the CV result in Figure 40 (a)
shows a drop in the capacitance to 5.6 mF cm™! after being stored for 4 months. However, after
1200 cycles of charging and discharging, the capacitance was increased to 6.3 mF cm™!
encouraging frequent use of the device to maintain the original energy storage capability. Since
the device was not sealed, there was a question if the degradation in the device performance was
due to the loss of water in the composite gel over the storage time. Therefore, after the cycling
test, the device was soaked in water and left for a day to dry before testing. The process mimics
washing wearable electronics. The CV results showed an increase of the capacitance to 6.7 mF

cm ! which was almost as high as the original capacitance of 6.8 mF cm™!

. The effect of aging,
cycling, and washing on the photovoltaic performance of the cell was studied through the OCP
measurement in Figure 40 (b). Unfortunately, the photovoltaic response was significantly weaker
after 4 months storage resulting in only AVyn=~2.8 mV. Similarly, after 1200 cycles of charging
and discharging (CV in dark), the performance was slightly improved to achieve an OCP of 5.4
mV. Further increase (by 37%) was observed after the washing process. However, the overall
photovoltaic effect was much weaker than the original performance.

In order to understand the operation of the hybrid device, the energy levels of the
cathode, PANI, APS, and the anode before and after adding the CNT layer and ZnO NWs were
considered. Figure 41 illustrates the comprehensive energy diagram of the devices. The gel is a
composite material. However, since PVA is not a conductive material and H3POy is acting as the

supporting electrolyte, we have considered the energy levels in PANI and the electrochemical

potential of APS. Chemical polymerization of aniline in presence of APS and an acid produces
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PANI in its emeraldine salt (ES) state [216]. Based on the two peaks in the UV-vis absorption

spectrum of the gel (Figure S9), the energy levels in the PANI is expected to have a polaron state

2.8 eV lower than the lowest unoccupied molecular orbital (LUMO) [133].
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Figure 41: Energy diagram of the fiber-shaped hybrid device with (a) the Ny66-Ag, (b) Ny66-
Ag/CNT, and (c¢) the Ny66-Ag/CNT/ZnO-NWs electrode.

As shown in Figure 41, absorption of photons can promote electrons from lower states to the

LUMO level. Persulfate anion acts as a mediator between PANI and the cathode by interacting

with the lost electrons in the lower states in PANI and receiving electrons from the cathode

(work function of -4.5 €V [217]) in a reversible reaction (S20g 2~ + 2e¢~ <> 2S04 27). While the

transfer of electrons from the cathode to the PANI is expected to be the same in all three devices,
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it is expected that the electron transfer from the gel to the anode to be different for different
anodes. Considering both Ny66-Ag and Ny66-Ag/CNT as conductors, the energy structure of
them are shown with their work function (Owr) at —4.3 eV for Ag [218] and —4.8 eV for CNT
[219-221]. In the absence of any electron transport layer between the photoactive materials (i.e.,
the gel) and anode in the first two devices, the electron transfer to the anode is expected to be
inefficient. However, considering the work function of the cathode electrode (®wr, ss = —4.5
eV), shifting the work function of the anode to a lower energy level, after deposition of CNT,
leads to a decrease in the photovoltaic performance, which can be observed in the open circuit
voltage results. In order to improve the light harvesting and electron extraction efficiency in the
hybrid device, ZnO nanowires were grown on the CNT layer as an electron transport layer
(ETL). Due to the semiconducting properties of ZnO with the conduction band edge at Ecg =
—4.2 eV and the valence band edge at Evs = —4.7 eV [222, 223], a rectifying mechanism is
established for transferring the excited electrons from the gel to the anode and block the
recombination of the holes at the anode surface. [224, 225]. The presence of the ETL clearly led
into boosting the photovoltaic performance with higher OCP and photocurrent (Figure 38).
Considering the gel as a conductor for both electronic (through PANI) and ionic charges
(through anions and cations), optimizing the performance of a hybrid device is challenging.
However, improving the performance after washing the device indicates the importance of the
ionic charge transportation through the gel.

The results clearly show the feasibility of fabricating simple thread-shaped hybrid
devices using photo-redox active gels with comparable energy storage capacitances to the
conventional supercapacitors. However, significant improvement in the photovoltaic

performance of the device is required before using them in practical applications.
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6.5 Conclusion

In conclusion, a fiber-based hybrid device design consisted of two conductive threads and
a photoactive gel electrolyte with the photoelectric and energy storage properties has been
demonstrated. The experimental results indicate that the PANI-based photoactive gel electrolyte
can be used for fiber-shaped hybrid devices with a simple fabrication process. The energy
storage of the device can be enhanced by adding the CNT layer on the Ny66-Ag thread;
however, that could reduce the photovoltaic performance remarkably due to shifting the work
function of the coated electrode. Moreover, the fabricated device showed significant
improvement in the photovoltaic performance after adding the ZnO NWs. The test results after
washing the sample proved the advantages of using such device structure in wearable electronics.
Further studies on the stability and photovoltaic performance of the device are suggested prior to

the practical applications.
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Chapter 7: Conclusion and Recommendations for Future Work
7.1 Conclusion

In this dissertation work, several studies have been addressed, including investigating the
effect of aniline percentage in the gel electrolyte on the electrochemical and photovoltaic
performance of the two-electrode hybrid devices and studying different porous materials for the
counter electrodes of such hybrid devices. The experimental results indicated that optimizing
aniline percentage in the composite gel electrolyte plays a vital role in improving the energy
harvesting and charge storage of the two-terminal hybrid cells.

Furthermore, the configuration effect of the twisted fiber-shaped supercapacitors on the
electrochemical properties has been examined and analyzed. The study was taken with the
purpose of finding a suitable thread and design for the thread-based devices. The results
demonstrated that the capacitance is directly related to the effective length of the twisted fiber-
shaped devices when the surface of thread-based electrodes is smooth and uniform.

Also, the approach used in the two-electrode hybrid device, which relies on the
photoactive gel electrolyte to absorb light, has been adopted and successfully used for fabricating
a fiber-shaped hybrid device for wearable electronics. The energy storage of the device was
improved by coating CNT ink on the surface of the anode electrode made of silver-coated
nylon66. Also, the experimental results revealed notable enhancement in the photovoltaic
response after adding the electron transport layer (i.e., ZnO nanowires) on the anode; however, in

order to be suitable for practical applications, further improvements are needed.
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7.2 Recommendations for Future Work
Employing a photoactive gel electrolyte in two-terminal hybrid devices, whether fiber-
shaped or flat hybrid devices, is promising and encouraging based on the current results.
However, further investigations and improvements are needed. Some suggestions for the hybrid
device are as follows.
(1) The energy storage can be improved by introducing Ti3C> MXene to the gel.
(2) Sealing the device after the fabrication to reduce the internal resistance and aging
effects and improve the device stability.
(3) Using different ETL for the fiber-shaped hybrid device, for example, adding a layer
of TiO; instead of ZnO.
(4) Study the effect of adding dye sensitizers in the photoactive gel electrolyte on the
photovoltaic response.
(5) The possibility of using a fabric-based hybrid device with the photoactive electrolyte
can also be investigated, which could increase the PV response of the device due to

the large surface area of the electrode.
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Figure S1: Galvanostatic charge-discharge results of the supercapacitor with (a) Jameco, (b) JL,
and (c) BCP fibers and different twisting turns.
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Figure S2: Nyquist plots of the device with (a) Jameco, (b) JL, and (c) BCP fibers.

Figure S3: Jameco thread coated with a layer of gel electrolyte before making the twisted-fiber

capacitor.
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Figure S4: Cropped images of the Jameco, JL, and BCP devices at different number of turns.

Figure S5: Zoomed in picture of T2 in the JL sample, showing the double layer structure of each
JL thread and its effect on the structure of twisted two threads.
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Appendix C: Supporting Information for Chapter 6

Figure S6: A picture of the 3D printed threads holder for the hydrothermal process.
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Figure S7: Cyclic voltammetry results of the fiber-shaped hybrid devices with (a) Ny66-Ag, (b)
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Figure S8: I-V response of the fiber-shaped hybrid devices with (a) Ny66-Ag, (b) Ny66-
Ag/CNT, and (c) Ny66-Ag/CNT/ZnO-NWs electrode in dark and under illumination.
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Figure S9: UV-visible absorption spectrum of the photoactive PANI gel in emeraldine salt form.
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Table S1: Impedance parameters of the fiber-shaped hybrid devices in dark and under
illumination.

Ca Cga Rgel Re
Anode Electrodes | Rs[Q] | R, [Q 0<n<1 Ss"
B RRH ry | e | 101 | 101 QIS <l
Ny66-Ag Dark 102.46 | 2284.4 14.64 746.8 33134 29.5 0.691 84.1x107°
Ny66-Ag Light 98.96 1505.1 | 21.29 577.6 18853 34.8 0.692 | 100.9x1073
Ny66]-)1:rgk/CNT 111.68 11562 2.83 3755.7 | 7231.5 | 21.1 0.337 99.9x107*
Ny66-Ag/CNT
y66Ligi{[C 111.18 11504 291 3785.5 | 7936.2 | 214 0.352 | 101.6x107*
Ny66-
Ag/CNT/ZnO-NWs | 1733.3 | 1156.7 2.26 2136 16232 424 0.463 34.1x107*
Dark
Ny66-
Ag/CNT/ZnO-NWs | 1713.4 | 951.59 2.27 2215.3 13504 16.3 0418 50.4x107*
Light
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