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Abstract

In this project, the combining of photovoltaic cells and supercapacitors into a sin-
gle, photocapacitor system, was studied. A complete photocapacitor system of
commercial components was put together, and characterized. The components
were first characterized on their own, and then as a part of the complete system.
Some of characterization techniques normally used for individual components was
observed to break down during testing on the complete photocapacitor system,
giving inconclusive measurements. The mechanisms for charging and discharging
of such a system was surmised, and compared to the experimental data. The com-
parison between the proposed model and the data showed a strong relation for the
current and voltage responses during charging and discharging. The efficiency of
the photovoltaic cell was determined, and through the charging curve, the efficiency
in energy storage for the photocapacitor system. This efficiency was found to be
44.3% for the electricity-to-stored-energy conversion. A variety of electrochemical
photovoltaic and supercapacitor electrodes were fabricated, and combined to form
two-electrode photocapacitor devices. These devices were then characterized using
the same methods as was used for the commercial components system. From the
testing, a conflicting functionality requirement between the energy generating and
energy storing parts of the system was observed. This proved to strongly limit
the performance of the devices. The effects of shunt and series resistances of the
complete photocapacitor system were also investigated, and related to the quality
of the individual components in the fabricated devices.
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Chapter 1

Introduction

1.1 Energy demands in the world

The industrialized world is dependent on the consumption of fossil fuels, like oil
and natural gas, to operate. The total energy supply in the world was in 2012 at
13 371 Mtoe1, where oil, natural gas and coal constituted over 81%. In the future
however, this share will have to be significantly reduced. [22] [2, p.7]

Figure 1.1: Distribution of total primary energy supply in the world, 2012. [2]

1tonne of oil equivalent, energy generated by burning 1 metric ton of oil, same as 11.63
megawatt hours (MWh) [1]
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Fossil fuels originate from organic matter that has been compressed and trans-
formed in the Earth’s crust, over millions of years. [21] The huge advantages of
the fossil fuels lie in their high energy density and the ease by which they may
be transported, and their low cost of production. The discovery and utilization of
these sources of energy have been major catalysts for extensive industrial, national
and economic development, and rapid technological advancements. An example
of this rapid advancement is the history of aviation. In 1903 the first powered
flight took place, by the Wright brothers, and in the following century the tech-
nology went through major improvements. The phrase that the world has become
a smaller place, is realized by the fact that the fossil fuels have made it possible
to transport people and goods throughout the world, in a fraction of the time it
would have taken in previous times. [22,47]

There are some major drawbacks with these types of energy sources, however.
Looking past their environmental impacts with emission of CO2 and pollution in
the atmosphere, there is the major concern of their limited and rapidly decreasing
supply. It is predicted that the peak of oil production has already passed and that
peak of gas is soon to follow2. These predictions are reinforced by the high, and
increasing, pricing of petroleum products. [22].

With the decrease in oil availability, there has been an increase in the interest
and development of energy production methods based on renewable sources of
energy. Among these types of sources, there are solar radiation, wind-, wave- and
hydro-power, geothermal heat, and nuclear power. To extract the energy from
these sources, there are a variety of ways. The heat from nuclear fission, absorbed
solar radiation, or geothermal hot-spots can be used to drive a heat engine for
generation of electrical energy, or simply for domestic heating. The force in wind,
waves or water can be used to generate electrical energy through induction, and
the solar radiation can also be directly converted to electrical energy in solar cells.
This is done by taking advantage of the photovoltaic effect, when electrons are
exited into the conduction band of a semiconducting material. [21] Since many of
these energy sources either come directly or indirectly from the sun, their potential
is truly great, with perhaps the possibility of totally eliminating the dependence
on fossil fuels. The solar radiation that gets absorbed by the Earth is sufficient to
power the human energy needs in the world almost 9000 times over. If we were
to capture and utilize just a fraction of this abundance of radiation, the energy
requirements would largely be covered, and the current level of living could be

22007 for the oil-peak, 2024 for the natural-gas peak [21, p.272]
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maintained. Many of these technologies, however, are not yet at a level of efficiency
high enough, or with a good enough method for large-scale production, to be able
to compete with fossil fuels. To do so the cost of production and installation per
watt (W) of generated energy needs to come down. A goal of reaching 1 USD/W
is set, but to get to this point further development and research is needed. [23,27]

A serious downside with energy production from renewable sources of energy is
that many of these sources are severely influenced by environmental factors. These
can be factors like the weather, the seasons, or simply the time of the day. Alas,
the problems with these types of technologies are not necessarily that their peak
efficiency is not good enough, but rather that the efficiency is not constant. The
problem with an unsteady supply of energy is perhaps one of the biggest concerns
for the replacement of fossil fuels. Unlike fossil fuels, that can adjust the energy
production according to needs, most renewable sources provide an unsteady supply
of energy. The need to be able to store the produced energy is therefore apparent.
They need to capture the energy when available, even if it is not needed at that
exact moment. [23]

1.2 Energy storage

The need to store the generated energy is obvious, but the choice of method is
not. There are primarily two different approaches to energy storage, batteries and
capacitors, with variations.

Batteries work by converting and storing electrical energy as chemical energy.
This is done by applying an electrical current across two electrodes, consisting
of two different, reactable chemicals. This electrical current is applied in such a
way, that if the reaction equation for the chemicals spontaneously goes towards
the product, then the current will drive the reaction the other way, towards the
reactants. This way, the energy is stored in the reactants, with a high reaction
potential, and when the electrodes are connected there will be a positive electrode
potential between the two. [16]

Capacitors do not store the energy as chemical energy, but rather by positioning
opposite electrical charges near each other. These charges are placed near enough
to be attracted by each other, through Coulomb forces, but still conductively
insulated, so they are unable to fully meet. This separation is achieved by placing
the charges on two opposing, conductive plates that are separated by an insulator,
also called a dielectric material. The attraction between the charges on the plates

3



creates an electrical field that holds the energy as an electrostatic potential. [30]

Figure 1.2: Comparison between a capacitor, an ultracapacitor (supercapacitor)
and a battery. [42]

When it comes to the choice between storing energy in a battery or in a capaci-
tor, both options got their strengths and weaknesses. Some of the most important
properties to consider are the amount of energy the device can store, and how ef-
fectively this stored energy can be utilized. Another important point is the lifetime
of the device. By lifetime, it is meant how the energy storing capability changes
over time, with repeated cycles of dis- and recharging. Of less, but still not negli-
gible importance, is the size and weight of the devices and how easy they are to
produce, in terms of cost and quantity. A Ragone plot can be seen below in figure
1.3, where different energy storing devices are compared.

4



Figure 1.3: Ragone Plot. Compares different types of energy storage devices, in
terms of energy and power density. [3]

The strength of batteries lies in their high energy density, which is the amount
of energy that can be stored, compared to its physical size and weight. The energy
density of batteries is much larger than even the best supercapacitors, i.e., the
capacitors that can store the most energy. A downside, however, is that batteries
got a poorer power density than the capacitors, which is a measure of how fast
the unit can be discharged, and how fast it can be recharged. Since batteries
store the energy as chemical energy, the utilization of this energy is dependent on
the reaction rate by which the reactants become products and release the energy.
Capacitors are not dependent on such a conversion. The energy is held between the
free charge carriers, and all that is needed is to establish an external, conductive
circuit between the two plates, allowing the charges to meet. [16,30,44]

Another downside with batteries is that their lifetime is severely limited. After
just a limited number3 of discharge/recharge cycles, a battery has deteriorated
irreversibly and can no longer store energy. This can easily be seen by just looking
at today’s smart phones; after just a year of usage, their energy storing capabilities
are drastically diminished and they typically have to be recharged daily. While

3Best cases up to a 1000 cycles, for a Lithium polymer battery [44]
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batteries dominate over capacitors in terms of total energy storage, when it comes
to lifetime, the capacitors are much better. There has been reports of superca-
pacitors with electrodes based on nano-structured carbon, that have a lifetime of
up to 105 cycles. This could contribute to years and years of consecutive dis- and
recharging, without notable deterioration in the storage capability. And while this
in truth is the more extreme cases, there are several other examples of capacitors
having lifetime cycles in the 103 − 104 range, which is still tangent or better than
even the best batteries. [44]

The importance of size and weight is dependent on the intended usage. In a
device that is meant to be mobile, it is important that the weight and size is held
down to make it less cumbersome. A downside with increased mobility, however,
is that by choosing smaller components, the overall performance might suffer. In
a stationary device, where size and weight are of less importance, the choosing of
individual components with optimal performance could get higher focus. To choose
between a battery or a capacitor regarding size and weight would be difficult, as the
choice would be more dependent on their energy storage capabilities and efficiency,
and lifetime.

In short, they both got their strengths and weaknesses. Batteries can hold a
large amount of energy, but with a limited utilization power, and severely limited
lifetime. Capacitors can hold much less energy, but makes up for it in how fast
the stored energy can be used, and in their extensive lifetime. The choice between
the two would largely come down to their usage. If a slow, energy demanding
usage is the case (e.g., computers, mobile phones), a battery would probably be
the best choice, given that there is an opportunity to replace the old batteries
when their lifetime comes to an end. If the usage do not necessarily demands much
energy, but rather high power, and the ability to function extended periods of time
without supervision, than a capacitor would probably be the better choice. In the
context of adding storage capabilities alongside energy production, it should also
be considered for what period of time the energy needs to be stored. If a generator
of electrical energy do not generate excessive amounts of energy in between the
periods the energy is needed, even the limited storing capabilities of a capacitor
might be sufficient. [34,44]

Whether the choice falls between using a battery or capacitor alongside an
energy generating unit, there still remains the general problem of wiring together
individual components to function. While a capacitor can be directly connected to
the energy generating unit, this is not the same for a battery. A battery typically
requires a charging circuit, that controls when the it is fully charged. With external
wiring between components, a potential loss in efficiency is created. This is both
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a loss in electrical efficiency, because the wiring and connection points contribute
to unwanted electrical resistance, but also a loss in spatial efficiency because the
overall system is larger. In some devices these losses could be sufferable. In
other devices, such as sensors, the allotted space can be limited and therefore
size becomes of critical importance. Optimizing the performance efficiency in
such a device needs to take into account that by choosing smaller and lighter
components, to get a tiny device, the optimal functionality of individual parts
may be compromised. From this, we can see that there is an interest in trying to
create an electrical component that merges both the ability of energy generation
and the ability to store energy into a single component. [30]

1.3 Photocapacitor - The target device of this project

The concept of a single component that can both generate and store electrical
energy, is a powerful one. One such component would be the photocapacitor, which
converts electromagnetic radiation into electrical energy through the photovoltaic
effect, and then, by eliciting similar methods and properties of storage found in a
supercapacitor, stores the converted energy. The goals of this thesis are the design,
fabrication and characterization of photocapacitors.

The benefits of a photocapacitor are many. In addition to the aforementioned
reduction in electrical resistance, the size of the system could also be reduced. In a
system made up of individual components, like a commercial solar cell and a com-
mercial supercapacitor, the individual parts might be designed and manufactured
by individual companies, and their match in terms of spatial form may create dead
space in between the components. By designing functional parts that are made to
fit together, this dead space is eliminated, at least between the energy-generating
and -storing parts of a system.

One usage where such a component might contribute greatly is in the field
of wireless sensors. Being wireless, it could mean that the sensors only take the
readings, which then have to be downloaded manually later. It could also mean
that they will be able to transfer the recorded data wirelessly, to a receiver. Such
a transfer is typically quite a power-demanding process, and would greatly benefit
from a capacitor that can deliver energy with a high power. The longevity of
capacitors is also a benefit, making the sensor able to run consecutive transfers for
a long time, before needing to be replaced. [34,44]

When I say that the goal of this thesis is the creation of photocapacitors, it

7



would be more accurate to say that I will seek to elaborate upon its design. The
reason for this, is that the creation of such devices has been reported. In 2010,
Lo et al. at the University of Wisconsin-Madison, USA, were among the first
to succeed in creating a photocapacitor, that could hold a significant amount of
charge for over 24 hours. [33]

In the process of designing and manufacturing photocapacitors, the more spe-
cific goals are to strive for similar performances as seen in a system consisting of
individual parts. This include the storage capability and lifetime expectancy as
that of a commercial supercapacitor, as well as the efficiency in converting light
into electrical energy as a commercial solar cell. A goal would also be to reduce
the resistive losses in the device, through an elimination of excess circuitry. A
variety of methods for photovoltaic cells and supercapacitor units are tested, to
establish which combinations are best suited for such a device. This is coupled
with still trying to minimize the size and loss in efficiency, as these are some of
the potential strengths of a photocapacitor. Figure 1.4 below shows a diagram of
the basic design for a photocapacitor.

Another part of the project, is to study the working mechanisms of a photo-
capacitor system. This includes how the system is charged and discharged, and
at what efficiency. This was something that was poorly explained in the Lo et al.
paper.

Figure 1.4: Basic design for photocapacitor. Transparent Indium Tin Oxide (ITO)
on one electrode to allow radiation to reach the energy generation electrode. The
electrolyte doubles as a separator to separate the two electrodes from each other.
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Chapter 2

Theory

In this chapter, the detailed working principles of both supercapacitors and photo-
voltaic cells will be explained. In the first section supercapacitors will be covered,
and photovoltaic cells in the second section. How to characterize each type of
device will also be covered at the end of their respective sections. In the third
section, the photocapacitor system will be looked at.

2.1 Supercapacitors

Capacitors have the ability to store electrical energy, similar to batteries. The
way the energy is stored, however, is different. A battery works through chemical
reactions, where the energy is converted between being electrical and chemical,
depending in the reaction potential. These reactions enables batteries to both
store and create electrical energy, given sufficient reactants. Capacitors are not
able to create electrical energy, since there is no chemical reactions (ideally), but
they are able to store it as an electrostatic potential. This is done by conductively
and spatially separating charge carriers with opposing charge. By doing so the
charges are not able to recombine, while still being attracted to each other through
their electrical fields lines. It is in this way the electrostatic potential is created.
Since capacitors do not need to convert the electrical energy, they got a much
higher power density than batteries, not being limited by the speed of the chemical
reaction, and are able to charge and discharge much quicker. [30,48]
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2.1.1 Electrochemical Double-Layer Capacitors

How much energy a capacitor can store, is primarily determined by two factors.
The first of these factors are how high the voltage between the separated charges
can become before the insulating material separating them breaks down and cre-
ates a conducting pathway. The second factor is the capacitors capacitance. This
is defined as electrical charge per electrical voltage, and given by;

C =
Q

V
(2.1)

Here C is capacitance, Q is charge and V is voltage. From (2.1) it can be seen
that more charge per unit of voltage gives a higher capacitance. The capacitance
is to a large degree dependent on the geometry and permittivity of the capacitor.
This includes how the components that make up the capacitor are shaped, and
how they are put together. This dependence can be showed by taking the relation
between electrical field strength, and surface charge;

E =
σ

ε
, σ =

Q

A
, ε = εr · ε0 (2.2)

Here E is the electric field, σ is the charge density, A is the surface area, and ε is the
relative permittivity of the medium the electric field is going through. ε is defined
as the permittivity of vacuum times the permittivity in the specific medium. Also
of interest is the relation between an uniform electrical field and voltage;

V = E · x (2.3)

Here x is the distance from an initial point where the voltage is defined as zero.
By inserting equations (2.2) into equation (2.3) we get;

V =
Qx

εA
(2.4)

Finally, inserting equation (2.4) into equation (2.1) gives:

C =
εA

d
(2.5)

Here x has been substituted for d, which is the distance between the charges, i.e.
the width of the separator. From this we can indeed see that the capacitance
is dependent on the spatial configuration of the capacitor. A large specific sur-
face area, a high relative permittivity, and a small separation will give a higher
capacitance. [30,31]
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Figure 2.1: Diagram of a conventional parallel plate capacito with a dielectric
separator.

A conventional parallel plate capacitor usually have two conducting plates fac-
ing each other, and an insulating dielectric material that separates the plates. The
conducting plates are usually some form of metal foil, separated by a solid-state
dry separator material. In figure 2.1 above, a parallel plate capacitor is shown.
On the left there is a vacuum between the two plates, hence ε0, and on the right
a material with permittivity ε. An example of the latter is one where a thin film
of the plastic polypropylene is used as the separator. Reported parameters sets
the relative permittivity as 2.2, and the minimum commercial thickness of the
separator as 2.4 µm [9]. Using equation (2.5) and assuming a surface area of 1m2,
gives a capacitance of; [30]

C =
εrε0A

d
=

2.2 · 8.854 · 10−12Fm−1 · 1m2

2.4 · 10−6m
= 8.1µF (2.6)

From this we can see that the capacitance of commercial parallel plate capaci-
tors lies in the range of nF to µF, depending on the surface area.

To improve the capacitance, one obvious approach would be to reduce the
thickness of the separator, consequently reducing the distance d. This is paired
with increasing surface area by making long strips of the conducting foils, which
are then rolled up into compact cylinders. Though the capacitance will increase,
the physical size of the components will quickly become a limiting factor. The
construction and make-up of a supercapacitor is similar in many ways to conven-
tional capacitors. They both have two electrodes that are insulated and separated
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from each other, and the energy is still (mainly) stored as an electrostatic poten-
tial. There are, however, some major differences between the two that strongly
influence how they function.

The first difference is found at the surface of the electrodes. The electrodes
of supercapacitors are coated in a nano-porous materials, like nano-carbon. This
results in a much higher specific surface area, in the range of 103 : 1, compared to
a flat, non-textured surface. Since the electrical charges are held at the surface,
this increase allows even more charge to be present at approximately the same
volume or weight. It should, however, be mentioned that this procedure is not
limited to supercapacitors. Newer models of conventional capacitors usually also
has this feature, to increase the capacitance and energy storage. [30,44]

The second difference is what really sets supercapacitors apart from conven-
tional capacitors. Instead of using a dry, solid-state dielectric material as the
separator, an electrolyte is used. This makes a major difference in how the capac-
itor functions. When a voltage is applied across the electrodes in contact with the
electrolyte, the free charge carriers will start to move. Given that there is no ex-
ternal circuits the charge carriers can move through, they will start to accumulate
at the surface of the electrodes. Depending on the direction of the applied voltage,
the negatively electrons will gather at one electrode, and the positive holes at the
other electrode. These charge carriers will have electric fields associated with them
that gets stronger as they build up in the electrodes. The electric fields will then
permeate into the electrolyte, and start interacting with the ions in the solution.
This interaction will make the ions start drifting. The charge carriers on each
electrode will attract ions of opposite charge, toward their respective electrode.
This gathering at the electrodes can be seen in figure 2.2 below, where a simplified
diagram of a supercapacitor is shown.
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Figure 2.2: Simplified diagram of a supercapacitor. [6]

The movement of the ions in the electric field can be described as a current
density, given by the following equation; [7, 48]

−→
J drift = q

−→
Enµn (2.7)

Here Jdrift is the current density due to drift, q is the charge of the ion in solution,
n is the ion concentration, and µ is the mobility of the ions. The ions nearest their
respective electrode will quickly arrive at the surface of the electrode. The first
ones to arrive will arrange themselves in a single compact layer on the surface of
the electrode. The ions in this first layer will be attracted quite strongly. This
first layer will also to a large degree shield the electrical field lines coming from the
charge carriers in the electrode from the other ions in the solution. The first layer
is however unable to completely shield all the field lines, so subsequent layers of
ions will also form, but that got a lower concentration of ions, and with a weaker
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attraction. Besides the drift current, there will also be (at least) one other current
present. The other current of interest is the diffusion current. This current is
a product of Fick’s law of diffusion. Fick’s law relate the diffusion movement of
particles in a medium, due to there being a concentration gradient of the particles.
The diffusion movement happens in the direction to even out this gradient. After
separation of the ion-pairs, a concentration gradient is created. This concentration
gradient will induce a diffusion from the electrodes, where the concentration is high,
to the bulk of the solution where the ion concentration is lower. Since we are here
speaking of ions, particles with a charge, their movement can also be expressed as
a current density; [7, 15,32]

−→
J diffusion = −qD∇n(−→r ) (2.8)

Here Jdiffusion is the diffusion current density, D is the diffusion coefficient, and
∇n(−→r ) is the change in ion concentration at position r in the electrolyte. The
negative sign indicates the movement from high to low concentration. This current
will move in the opposite direction as the drift current, and we get a net current
density as sum of the two; [7]

−→
J = q

−→
Enµn − qD∇n(−→r ) (2.9)

Sometime after the voltage over the electrodes is applied, the current densities
will enter a steady-state, where they exactly cancel each other out and the net
current density will be zero. At this point the capacitor has reached its maximum
potential for energy storage, given the applied voltage. By now inspecting the
ions at the electrodes, we will see the first single layer of ions with a very high
concentration, and then subsequent layers with exponentially decreasing concen-
tration as the distance from the electrode increase. This type of capacitor is called
an electrochemical double layer capacitor (EDLC). It gets is name for the two
layers of ions that form; the first one at the surface of the electrode by the free
charge carriers, and the second one in the electrolyte by the ions with opposite
charge. [7, 15]

2.1.2 The Electrochemical Double-Layer and the Gouy-Chapman Dif-
fuse Layer

If we look closer at the electrode-electrolyte interface, we will see that there are
several parts to an EDLC. First, if the electrolyte is aqueous, the ions in the
solution will usually be hydrated. This means that the molecules of the solvent
has formed a single layer, or shell, around them. When the electrodes are put in
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contact with the electrolyte, this same type of layer of solvent molecules is also
formed in their surface. The solvent is often water, which because its conformation
got a net dipole moment. This dipole moment interact with the electric fields of the
ions and the charged electrodes, and gives the molecules an ordered orientation and
structure, which binds them strongly to the surfaces. When a voltage is applied
over the electrodes and the ions start drifting towards the electrodes, these layers
will mostly persist even as the ions is adsorbed on the surface of the electrodes. The
result is a first, thin layer of solvent molecules, followed by a second layer, which
consists of the hydrated ions. These layers can be seen in figure 2.3 below. [7,15,48]

Figure 2.3: Electrochemical Double-Layer, with the Inner- and Outer Helmholtz
planes, and the Diffuse layer marked.

The layer of solvent molecules is called the Inner Helmholtz plane (IHP). This
plane is placed at the thickness of the solvent molecules diameter from the surface
of the electrode, approximating a spherical shape. The second layer is called the

15



Outer Helmholtz plane (OHP), or sometimes known as the Stern Layer. This plane
runs through the center of the first layer of adsorbed ions. The distances from the
surface layer of free charge carriers in the electrode, and the IHP and OHP is of
crucial importance for the capacitance. The high capacitance values found in an
EDLC can be understood by a look at equation (2.5). The distance between the
separated charges can be set as the distance between the electrode surface and the
OHP. [7, 15,48]

In some cases there are ions that have adsorbed directly onto the surface of
the electrode, without being hydrated. If the electrode contains certain reactive
metals or oxides, redox reactions can occur. These reactions are fast faradic re-
actions where there is only a charge transfer, and no bonding to the electrode
materials. The transferred charges will contribute to capacitance, which is called
pseudocapacitance. This type of capacitance have a higher specific capacitance
than EDLC, but a much shorter lifetime. [15,44]

Moving beyond the OHP there is the diffuse layer, known as a Gouy-Chapman
Layer. As mentioned, this is the result of incomplete shielding from the ions in
the OHP. The concentration of ions in this layer is much lower, and drops rapidly
as the distance from the electrode surface increase. This is due to that fact that
fewer and fewer field lines remain unshielded. While the ions in the OHP to a
large extent remains fixed, this does not hold true for the weaker bound ions
in the diffuse layer. At a certain distance from the electrode surface there is a
plane known as the Slipping Plane. This plane marks the boundary between the
fixed and mobile ions. How far into the bulk of the solution the diffuse layer
stretches, i.e. how fast the ion concentration drops, is mainly determined by the
concentration of ions in, and the temperature of, the electrolyte. The relation
between ion concentration and separation from the surface of the electrolyte, in
one dimension, is given by; [7, 14]

n1(x) = n1(x = 0) · e−x/d (2.10)

Here n1(x) is the number density of ions at distance x from the surface, and d
is the Debye length. The Debye length is a characteristic length constant of the
system, and marks a distance where the electrostatic potential has dropped about
2.7 times compared to the potential at the electrode surface. The value of the
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Debye length is approximated by; [7]

d =

√
εrε0kBT

q2n0

(2.11)

Here εr is the relative permittivity of the solution, ε0 is the permittivity in vacuum,
kB is the Boltzmann constant, T is absolute temperature of the electrolyte, q
is the elementary charge, and n0 is the ion number density in the bulk of the
electrolyte, where no external field or force is applied. From equation (2.11) we
can see that a high ion concentration and a low temperature will give a shorter
Debye length. This will in return give a shorter diffuse layer. The total capacitance
and electrostatic potential in a supercapacitor is a sum of both the ions in the OHP
and in the diffuse layer. This means that a shorter diffuse layer will give a higher
capacitance, and a supercapacitor that can store a larger amount of energy. [7,44]

Looking at the typical distances from the surface of the electrodes in these types
of planes, it is understandable how the capacitance in supercapacitors can get so
high. The distance to the Outer Helmholtz plane with an aqueous electrolytes,
is typically in the range of 0.8-1.3 nm. The Debye length, depending greatly on
the ionic strength of the electrolyte, is typically between 1-10 nm. This is paired
with the stability of the solvent plane. The solvent molecules in this plane do
typically have a very high relative permittivity. Distilled water for instance has
a relative permittivity of 80. This high relative permittivity allows the layer of
solvent molecules to withstand extremely high electric fields without overloading.
[14,15,30]

Comparing equation (2.6) for a parallel plate capacitor, with a similar calcu-
lation with the parameters for a typical supercapacitor, a good indication of the
difference in specific capacitance between the two can be seen. For a supercapacitor
using activated carbon, the most common electrode material, and an appropriate
electrolyte, the specific capacitance is in the range of 150-355 F per gram of ac-
tive material. This corresponds to about 0.15-0.36 F/m2, assuming 1000m2/g for
activated carbon. From this we can see that there are several orders of magnitude
difference between the specific capacitance of a supercapacitor and a conventional
parallel plate capacitor. [44]
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2.1.3 Total capacitance

The calculation for total capacitance in a supercapacitor differs a bit from a conven-
tional capacitor. In a conventional capacitor where the electric field runs between
the two electrodes, the calculation is straight forward according to equation (2.1).
In a supercapacitor however, with its two electrodes and an electrolyte, this is in
fact two capacitors in series. [30,48]

Figure 2.4: Equivalent circuit representation superimposed on a diagram of a
charged supercapacitor

These are the two sets of electrochemical double- and diffuse-layers formed at
each electrode. Figure 2.4 above shows an equivalent circuit representation for the
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two capacitors, superimposed on a diagram of a charged supercapacitor. The total
capacitance in the device is accordingly;

1

Ctotal

=
1

C1

+
1

C2

(2.12)

where C1 and C2 is the capacitance at each of the two electrodes. If we were to
calculate the capacitance of a supercapacitor using equation (2.1), it is the total
capacitance we would have found. If the two electrodes are made the same, i.e.
a symmetric SC, and by assuming they have the same capacitance, this simplifies
to;

Ctotal =
C

2
(2.13)

From this we can see that the total capacitance of a symmetric supercapacitor is
exactly half of the capacitance at each electrode. If the two capacitances are not
equal, the total capacitance is limited towards the lower of the two. In a SC where
there is a big difference in the two capacitances, C1 � C2, the total capacitance
can be approximated as being the same as the lowest, Ctotal ≈ C1. [44, 48]

2.1.4 Important parameters in a supercapacitor

How well a supercapacitor performs is determined by a number of factors. The
most important of these factors are mentioned and explained below.

2.1.4.1 Electrolyte Stability Window

One of the most important factors for how much energy a supercapacitor can store,
is the range of the stability window of the electrolyte. Since supercapacitors uses
electrolytes, there is a greater limitation on the voltage that can be applied between
the electrodes than with a capacitors that use a dielectric. If a voltage above the
stability window is applied, unwanted redox reactions will start to occur. The
products from these reactions could potentially destroy the desired properties of
the electrolyte, and subsequently destroy the energy storing capabilities. The range
of the stability window depends greatly on the solvent in the electrolyte. There
are primarily two different types of electrolytes, aqueous and organic. Aqueous
electrolytes got the lowest stability windows, of about 0.7-0.8 V for a symmetric
supercapacitor. Organic electrolytes got a stability window of about 2.7 V. These
voltages are not as high as the theoretic limits, but due to uncertainties like uneven
potential over the two electrodes, and presence of impurities, they are lowered.
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Organic electrolytes are particularly sensitive to impurities, like in the form of
water molecules. E.g. an extremely pure acetonitrile with a glassy carbon electrode
got a stability window of 5.9 V. This stability window however starts dropping fast
with just trace amounts of water. [15]

The importance of striving for a higher stability window is easily shown through
the equation for total energy in an ideal capacitor;

E =
1

2
CV 2 (2.14)

As can be seen from the equation, the total energy is proportional to the square
of the voltage. Just a small increase in the stability window will greatly increase
the total energy. [44]

2.1.4.2 Porosity

The electrodes in a supercapacitor are made of highly porous materials, to increase
the specific surface area. However, a high specific surface area is not the only
important factor regarding porosity. The dimensions, layout and size distribution
of the pores are also of importance. When the pores decrease in size, a larger
percentage of the atoms in the materials will be at the surface. This will increase
the specific surface area, and subsequently increase the capacitance of a SC. This
increase in capacitance will however only go on to a certain point. At some point
making the pores smaller will actually lower the capacitance, even though the
specific surface area will still increase. The main reason for this is that the pores
are now too small for the ions in the electrolyte solution. If the pores are smaller
than the ions, the ions will no longer be able to permeate and ”wet” the pores. If
the pores are not able to be wetted, their large surface area cannot be utilized. If
the pores are to large, however, there are more volume to ”spare” after the first
layer of ions has adsorbed onto the surface. Based on this, an optimal pore size
should exist. This optimal pore size will be individual for each supercapacitor,
since it will be depend on the specific electrolyte used. The optimal pore size will
typically also differ between the cathode and the anode, as the cations and anions
in an electrolyte solution is usually of different sizes. [25, 44]

The distribution of pore sizes are also important. Ideally, the distribution of
sizes should be centred at, and with a high concentration of, the ideal pore size.
Large divergence from this point will result in a less than ideal capacitor. The
layout of the pore networks, combined with the distribution of pore sizes, will also
influence how well the SC can be charged and discharged. This is based on the
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fact that the ions in the electrolyte needs to be able to permeate into the pores,
filling all the potential adsorption sites. This filling could be hindered if the layout
of the pores promote early clogging. How well filling occurs is also influenced by
the mobility of the ions and the viscosity if the electrolyte. [25,44]

To maximize the capacitance in a SC, the creation of asymmetric electrodes
could be important. As there is an asymmetry between the two ions in an ion-pair,
using the same type of electrode at both the cathode and anode could likely give
difference capacitance. By considering equation (2.12), it could therefore be argued
that each individual electrode should be designed for the specific ion intended to
be used, not just the ion-pair.

2.1.4.3 Mobility and viscosity of ions and solvent

The mobility and viscosity of the electrolyte impacts more than just the filling of
the supercapacitor. It also influence the frequency of charge/discharge cycles, and
the series resistance of the device, as well as the total energy the supercapacitor
can store. The electrolytes viscosity can be thought of as its ”thickness”, its
reluctance to flow when an external force is applied. There are several parameters
that determine the viscosity of a liquid, with the temperature being one of the most
important. In a liquid, the viscosity is lowered with an increasing temperature.
In relation to electrolytes, a higher viscosity is typically associated with a higher
electrical resistance, increasing the equal series resistance of the supercapacitor,
which will lower the maximum efficiency of the device. This can be understood by
the reduced mobility of ions in solution, the current mediators. With a low viscosity
the electrolyte flows more readily, with increased mobility of the ions. This allows
easier wetting and emptying of the pores during charge/recharge cycles, allowing
for a higher operating frequency. However, a low viscosity might also play an
indirect role in reducing the performance of a supercapacitor. As can be seen
from equation (2.10) and (2.11), the length of the diffuse layer is a function of
temperature. With increasing temperature the viscosity will decrease, while the
length of the diffuse layer will increase, which will lower the capacitance and total
energy storage. [4, 5, 7]

2.1.4.4 Inert electrode materials

One last point to touch upon, is the demand for the electrode materials to be
inert. This might not be of as immediate importance for the performance of the
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supercapacitor as the other parameters mentioned above, but it plays a vital role
to the lifetime of the device. With energy storage through electrochemical double-
layers, it is important that the opposing charges in the electrode and electrolyte do
not get to meet and react. If they met, and electron transfer occurred, irreversible
redox reactions could take place between the electrolyte and electrode material,
which would permanently damage the electrode. This damage would reduce the
amount of sites for ions to adsorb onto the electrode surface, as well as creating
unwanted conducting pathways. To limit these types of reactions, a deliberate
choice of electrode materials, substrate/current collector, and electrolyte needs
to be taken. They need to be as inert towards each other as possible, while
still taking into account the different parameters mentioned above. For electrode
materials, this is typically some derivative of carbon. For the type of electrolyte
there are several options, given that they remain non-reactive within the operation
voltage, i.e. their stability window. The choice of substrate/current collector
is to a large degree dependent on the electrolyte, as some electrolytes can be
quite corrosive, corroding the substrate if they were to make contact. In an ideal
supercapacitor no irreversible reactions will occur. With a good choice of materials,
and correct operation, a close approximation can be seen, where SC operate to
upwards 105 charge/discharge cycles, without significant loss in energy storing
capabilities. [41, 44]

2.1.5 Characterization of supercapacitors

In the characterization and analyzation of both supercapacitors and photovoltaic
cells there is one type of test, and the curve it gives, that is virtually indispens-
able. This is the I-V measurement, and it gives the relation between the current
and voltage going through and over the tested cell, respectively. If this type of
measurement is done on either a supercapacitor or a photovoltaic cell, they will
each produce a curve that is characteristic to the type of device tested. From
these curves most of the important parameters can be calculated. In the following
section the characteristic I-V curve of supercapacitors will be presented.

For characterizing supercapacitor one of the most useful I-V measurement tech-
niques is the cyclic voltammetry (CV). In CV the supercapacitor is repeatedly
charged and discharged, usually in a potentiodynamic measurement. In a potentio-
dynamic measurement the voltage is changed at a controlled pace, while measuring
the current. By plotting the measured current and voltage in an I-V curve, the
capacitance and total stored energy can be found. From the I-V curve the quality
of the supercapacitor can be assessed, as well as the type of capacitance, whether
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it is from an electrochemical double-layer, or from pseudocapacitance. [36,48]

How the capacitance can be found from an I-V curve is easily shown. Capaci-
tance is related to charge and voltage in the following way;

Q = CV (2.15)

The charge is also related to current;

I =
dq

dt
(2.16)

By inserting equation (2.15) into equation (2.16), and assuming that the ca-
pacitance is time-independent, we get;

I = C · dV
dt

(2.17)

When performing a CV, one of the important set parameters is the scan rate,
v, which is defined as change in voltage per unit of time;

v =
dV

dt
(2.18)

From this the capacitance can be found by comparing the current running
through the cell to the scan rate;

C =
I

v
(2.19)

This procedure can be thought of as measuring the time it takes for the su-
percapacitor to completely ”fill up” with electrical charge, and how much time it
needs to deplete itself again, for the given voltage range. Comparing two different
supercapacitors at the same current, a longer charging/discharging time for one
signifies a higher capacitance. When presenting the capacitance it is often done
by giving a specific capacitance, Cs, which gives the capacitance per weight unit
of active electrode material. [36]
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Figure 2.5: I-V curve if an ideal supercapacitor

In an ideal supercapacitor, the I-V curve of supercapacitor gives a square box
for the charge and discharge cycles. Such a curve is shown above in figure 2.5. The
constant current at increasing voltage means that the capacitance is constant. In a
real supercapacitor the I-V curve is more rounded, owing to resistive losses in the
device and other effects. One such effect is if the curve has sudden peaks, often at
about the same voltage at both the forward and backward part of the cycle. These
peaks usually represents redox reactions, and are called redox peaks. One reason
for these peaks is if the supercapacitor has components in its electrodes that can
contribute to pseudocapacitance. Other, unwanted reasons for such peaks could
be the breakdown of the electrolyte or the substrate/charge collectors. Examples
of such non-ideal curves are shown in figure 2.6 below. [48]
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Figure 2.6: Left: I-V curve if non-ideal supercapacitors, rounding of the square
curve. Right: I-V curve with redox peaks.

Deviations from the square curve can also be a product of the capacitance not
being a constant, but rather a function of the voltage. One way to view this is by
looking at the graph where a galvanostatic measurement of a charge-/discharge-
cycle is taken. By plotting the curve of the voltage as a function of time, the
changing capacitance becomes apparent. For in ideal supercapacitor, such a plot
would look like a triangle wave. In a non-ideal supercapacitor however, these
curves will be rounded, sometimes resembling ”ocean waves”. A diagram of the
two plots is presented below in figure 2.7. [48]

Figure 2.7: Galvanostatic charge and discharge curves for supercapacitor. Left:
Ideal. Right: Non-ideal.
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When presenting the parameters for a capacitor, the norm is to only give the
capacitance and the voltage stability window. One problem with this practice, is
that it assumes that the capacitance remain constant at all voltages. If this is
not the case, calculations for capacitance and total energy will be wrong. This is
typical for asymmetric capacitors, i.e. the two electrodes do not have the same
capacitance. This is more often the case with supercapacitors, with capacitance
in the form of electrochemical double-layers and/or pseudocapacitance, than with
traditional parallel plate capacitor. As shown above in figure 2.7 the charge-
discharge curve is no longer a linear function, but are either concave or convex. If
the capacitance was calculated from curves where the starting and ending voltages
where the same, with the same discharge time, the capacitance and stored energy
would be different between the concave, linear and convex curves. These problems
were mentioned by Yang et al., and they proposed an alternative method for the
characterization of supercapacitors. [48]

In the alternative method it is the energy stored in the device that is of interest,
rather than the capacitance. This energy is found through a potentiodynamic
measurement, and calculated with the equation below;

Et =

∫
Pdt =

∫
IV dt =

1

v

∫
IV dV (2.20)

Here Et is the energy stored in the device, V is the voltage, v the scan rate,
and I is the current. The area enclosed by the integral is the instantaneous power.
One benefit of such a characterization method is that the performance of the
supercapacitor in terms of energy storage would be more accurate. The integration
limits can be set as the actual working voltages, giving the actual, utilizable energy
stored. An effective capacitance, Ceff , can also be calculated. This is found
through the relation between total energy, capacitance, and voltage over the cell;
[48]

Et =
1

2
CeffV

2 (2.21)

2.2 Photovoltaic cells

Solar cells are also known as photovoltaic cells, because they function through the
photovoltaic effect. This is when electrons in the valence band of a semiconductive
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materials gets excited into the conduction band, leaving behind a positive hole.
These charges, the positive hole and the negative electrons, are free charge carriers
that can mediate electrical current. In the following sections it will be explained
how this effect can be utilized to create devices that can produce electrical energy.
[13]

2.2.1 PN-junctions and Solid-state Solar Cells

To better understand how solar cells work, we start by look at the energy band
structure of the materials that make up the cell. More specifically we take a
closer look at the band structure of the semiconductor materials. These have
an energy barrier between the highest energy of the valence band, Ev, and the
lowest energy of the conduction band, Ec. This barrier is known as the energy
gap, Eg. If energy corresponding to Eg or higher is transferred to the material,
electrons can be excited. Semiconductors differ from conductors and insulators
in this regard. In conductors the valence and conduction bands are continual,
merging into each other. In insulators there is also a band gap, but which is very
large, effectively eliminating the possibility of exiting electrons into the conduction
band. For solar cells made of semiconductive materials, the energy needed to excite
electrons comes from incident photons with wavelengths short enough to have the
required energy. [10,13]

Figure 2.8: Energy band diagram of Fermi levels of intrinsic, N-type and P-type
semiconductors.
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Every electron in an atoms orbital has a specific energy, and because of Paulis
exclusion principal no two electrons in an atom can have the exact same energy.
The probability for an electron to have a certain energy, is given by the Fermi–Dirac
distribution. The Fermi level, Ef , is a point on this distribution where there is
a 50% chance for the electron to occupy that energy state. In a semiconductor,
where no modifications have been made i.e. no doping, the Fermi level is usually
located at the half way point between the valence band and the conduction band.
However, if the semiconductor has been doped with either donor or acceptor atoms,
the location of the Fermi level will have shifted. A donor atom is usually an atom
with 5 electrons in the outer valence orbital. The 5th electron is more loosely
bound, and is easily excited. An acceptor atom is usually an atom with 3 electrons
in the outer valence orbital. To form a more stable configuration, a 4th electron is
easily absorbed. If the doping is in the form of donor atoms, more loosely bound
electrons have been introduced to the semiconductor. This results in there being
more free electrons in the conduction band than normally, and the Fermi level
lies higher, towards the conduction band. This type of semiconductor is called a
N-type semiconductor. If the doping is in the form of acceptor atoms, the opposite
has happened. There are now atoms with more ”holes” to be filled, and they start
binding the free electrons. This reduces the electrons available to be excited to the
conduction band, consequently shifting the Fermi level down towards the valence
band. This type of semiconductors is called a P-type semiconductor. The energy
bands of intrinsic, N-type and P-type semiconductors are shown above, in figure
2.8. It is often both a N-type and a P-type semiconductor in junction with each
other that make up the functional parts of a solar cell. [11, 13,46]

Often in the literature both the N- and P-type semiconductors are made from
the same type of solid-state semiconductor, doped with donor and acceptor atoms,
respectively. The heavily researched mono- or crystalline silicone solar cells are
examples of this. Because of the focus on these types of solar cells, most of the
relevant terminologies used to explain their functioning are made with such solid-
state solar cells in mind. However, in this thesis it is of more relevance to talk about
the joining of either a N-type or a P-type solid-state material, with an electrolyte.
Luckily the working principals between the two are very much the same, with just
a few alterations. Therefore, to get a qualitative understanding, the first part of
the further reading will be about the workings of a standard solid-state N-P type
semiconductor solar cell. Afterwards, the few alterations needed for the joining of
a solid-state semiconductor and an electrolyte will be given. [11, 13]
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Figure 2.9: Energy band diagram of N-type and P-type semiconductors. Conduc-
tion band, valence bands and Fermi levels of the N- and P-type semiconductors,
before joining them together.

The location of the Fermi levels become important when two dissimilar materi-
als are joined together. A difference in Fermi levels between two materials indicate
an electric potential. Such a difference is shown in figure 2.9. However, accord-
ing to Gauss’ law, there is no potential difference on the inside of a conductive
material in equilibrium. This can be understood as at a certain time after the
two materials are joined together, a rearrangement of the charges in the materials
have occurred. This rearrangement takes form as a drift current driven by the
electrostatic potential, as described in equation (2.7). Also, similar to the situa-
tion for supercapacitors under the formation of an electrochemical double-layer,
a concentration gradient for the different charges starts forming, and a diffusion
current is created. This gives a diffusion current going in the opposite direction, as
described in equation (2.8). These currents will keep on running until a balance is
struck, and the system is in equilibrium. If we now look at the band structures of
these two materials, we will see how they have changed to achieve this equilibrium.
These changes are shown in figure 2.10 below. [10,13]
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Figure 2.10: Energy band diagram of a N-type and P-type semiconductor junction,
with depletion regions and quasi neutral regions marked. These are the bands at
equilibrium, with no externally applied voltage.

In equilibrium the Fermi levels remains the same in the two materials. Thus,
the position of the conduction and valence bands for the two materials in relation
to the Fermi level in the bulk of the material, i.e. far away from the junction,
shall be the same as the relation for the uncombined materials. Because of this
the valence and conduction bands have been shifted, to make the Fermi levels
line up. The energy gap between the valence and conduction band for each of
the joining materials remain the same. Secondly, the valence and the conduction
bands between the two materials have met up with each other, respectively, forming
continual bands. This is a result of the continuity equation, for the charges and
energies. To achieve this continuity, the bands have undergone something called
band bending, which is the result of the rearrangement of the charges in the
materials. These charges are mainly the free charge carriers, the electrons and
the holes, as the other charges like the doping atoms, are stronger bound. At the
junction between the two materials, as good as all the free charge carriers have
been transported away by the initial potential difference. This region is called the
Depletion Region (DR), and stretches into the joining materials at each side of the
junction. How far this region stretches into each side varies, being in the order
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of angstrom to nm, and is determined by the concentration of the strongly bound
donor and acceptor atoms at each side. The concentration of donor and acceptor
atoms at each side of the junction is known as the doping profiles. The doping
profile also determines the shape of the bended bands. The region outside of the
DR is known as the quasi-neutral region, and is named so because there is no net
electric field. [10, 11]

Far away from the junction, after the Fermi levels are lined up, if the energy
levels of the valence and conduction bands for the two material are at different
levels, then this corresponds to a potential difference. This potential difference is
called the built-in potential, and are present at all junctions between dissimilar
materials. Unlike an applied electric potential from an external voltage source this
potential is not readily available to be measured. This potential can be understood
by looking at the remaining charges in the DR. These charges primarily consist of
the stronger bound donor and acceptor atoms. At the N-type side the donor atoms
are bound, which are now positive ions, and at the P-type side the acceptor atoms
are bound, which are now negative ions. Since the positive ions are at the N-type
side, the electrical field formed between the charges runs from the N-type to the
P-type sides. It is this built-in potential that is responsible for maintaining the
drift part of the new drift-diffusion balance between the charges, and depleting
the free carriers from the DR. The built-in potential will also separate all new
electron-hole pairs that gets introduced to the regions where the potential exist.
In relation to the band diagram, the free charge carriers will separate in such a
way that the electrons will move downwards to the lower of the Ec bands, from
the P- to the N-type side, while the holes travel upwards to the higher of the Ev

bands, from the N- to the P-type side. The electrons on the P-type side, and the
holes on the N-type side, are known as minority carriers. The holes on the P-type
side, and the electrons in the N-type side, are known as majority carriers. [10,11]

What has been described above is a basic diode. The current that runs through
the diode is given by the diode equation;

I = I0(e
qV
kbT − 1) (2.22)

Here I is the current, I0 is the dark saturation current, V is an external voltage
applied over the diode, q the electric charge, kB the Boltzmann constant and T
the absolute temperature. The dark saturation current, also known as the reverse
leakage current, is the current that runs through the cell when it is in complete
darkness. This current comes from minority carriers that diffuse from the bulk of
the material to the DR, where they are swept across the junction by the built-
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in potential. When the externally applied voltage over the cell reaches a certain
value, the current running through the cell start increasing exponentially, as can
be seen from (2.22). When such a voltage is applied, with a positive value, the cell
is said to be under forward bias. If the applied voltage has a negative value, the
cell is under reverse bias. Under reverse bias there is no current except the reverse
leakage current, until a certain negative voltage known as the breakdown voltage
is applied. The diode equation above is the equation for an ideal diode. For a real
diode an ideality factor, m, is usually added. This gives; [13]

I = I0(e
qV

m·kbT − 1) (2.23)

In these equations there is only the applied voltage that makes the current run
through the cell. For real diodes this is not always the case, as is the case for solar
cells where the incoming light hitting the cell induces a current. An equation for a
photovoltaic cell can be devised by taking equation (2.23), and expanding it. This
expansion comes in the form of adding the light-generated current, Iph; [13]

I = I0(e
qV

m·kbT − 1)− Iph (2.24)

The origin for this light-generated current can be explained by the absorption of
photons and creation of electron-hole pairs. When photons with sufficiently short
wavelength, corresponding to the energy given by the Planck-Einstein relation
below, the photons can be absorbed and electrons excited into the conduction
band, leaving a hole being. [10]

E = hc/λ (2.25)

Where the photons are absorbed and consequently where the electron-hole pairs
are created is of critical importance for the light-generated current. For a solar
cell to work, the minority carrier of the newly created electron-hole pair has to be
able to reach the DR, where it can be swept across the junction by the built-in
potential. As soon as the electron-hole pairs are created, a race between the two
most likely outcomes start. The first outcome is that the minority carrier of the
pair manage to reach the DR and is swept across. The second outcome is that too
long time passes before it manages to reaches the DR, and the electron and the
hole recombine. Since the DR is typically quite short, most of the electron-hole
pairs created are in the quasi-neutral region where there is no electrical field. This
means that approximately all of the particles movement is caused by diffusion.
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How fast the electron-hole pairs recombine is given by the recombination lifetime
of the minority carrier, τ . By combining the diffusion coefficient and recombination
lifetime of each of the minority carriers, we get two critically important parameters,
namely the Diffusion Length of the electrons and holes, respectively; [10,12]

Ln =
√
Dn · τn (2.26a)

Lp =
√
Dp · τp (2.26b)

These parameters have the unit of length. In a working solar cell the electron-
hole pairs have to be created within a few diffusion lengths of the DR to be able
to reach this zone, and be swept across the junction. If the pairs are created much
further away than this, they will recombine before reaching the DR. The diffusion
length might vary greatly between different materials. Single crystalline silicon
cells have a reported diffusion length of 50-1200 µm, poly crystalline silicon cells a
length of 4-30 µm, while in GaAs thin-film cells the diffusion length is just a few
micrometers, around 1-3 µm. The total current that runs in the cell is the sum of
both the electrons and the holes that crosses the junction. [11,19,37,39]

Itotal = Ip + In (2.27)

These are the fundamental working principals of a photovoltaic solar cell, which
is primarily meant for solar cells where there are two solid-state, doped semicon-
ductor meeting in a junction. Above it was mentioned that in this thesis there
is a bigger interest in solar cells made with semiconductor/electrolyte junctions.
The next section is about the alterations to the theory that needs to be made to
accommodate this.

2.2.2 Electrochemical Solar Cells

In the solid-state junction, the Fermi level of the two joining materials are at differ-
ent energies, and ultimately gives rise to the in-built potential. In an electrolyte,
there is no Fermi-level. However, there is an analogous level, the redox potential,
Eredox. This the affinity a specific species has for electrons, giving how easily it is
reduced. In a redox pair, it will give the probability for an electron to be in the
reductant or the oxidant, i.e. the reaction balance between the two species.
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Figure 2.11: Energy band diagram of N-type semiconductor in contact with elec-
trolyte. Shows the Fermi level for the semiconductor, and the redox potential for
the electrolyte. Edited from [38]

A comparison between the Fermi level and the redox potential is shown above
in figure 2.11. When a semiconductor and an electrolyte with Fermi level and
redox potential at different energies are joined together, a similar reaction to the
joining of two dissimilar solid-state semiconductors starts to occur. At first the
difference in Fermi level and redox potential signifies an electric potential, and
electric current starts running in accordance with the direction of the potential,
until an equilibrium is reached. Near the junction a distinct charge distribution
will have occurred, similar to the depletion region, which will make the energy
bands between the two materials meet up. How this charge distributed is achieved
is similar to how it is achieved in solid-state PN-junctions, but not exactly the
same. On the semiconductor side, the charge distribution will have happened in
the same way, with the free charge carriers having been swept away, leaving the
more immobile ions behind. On the electrolyte side, the charge distribution will
have happened by the formation of an electrochemical double-layer, with the ad-
joining diffuse layer, at the junction. To make the energy bands meet up, band
bending will have occurred, but only on the semiconductor side. For describing
the nature of the band bending, a few definitions can be made, by focusing on the
movement of the electrons. If the electrons are transported from the electrolyte
into the semiconductor, an accumulation layer will have formed. The increase
concentration of free electrons near the junctions on the semiconductor side will
cause the energy bands to bend downwards from the bulk, giving N-type semicon-
ductor characteristics. Alternatively, if the electrons were transported from the

34



semiconductor into the electrolyte, a depletion layer will have formed. In this,
the decrease concentration of electrons in the semiconductor will cause the energy
bands to bend upward from the bulk, giving P-type semiconductor characteristics.
With extreme potential differences, the electron concentration can be depleted be-
low the intrinsic concentration in the bulk of the semiconductor. This will cause
P-type semiconductor characteristics near the junction, and N-type characteris-
tics in the bulk. All these different charge distributions are shown below in figure
2.12, along with the flat band distribution. In semiconductor in this figure is a
N-type. [17, 20,38]

Figure 2.12: Energy band diagram of a N-type semiconductors in contact with
an electrolyte. Potential differences between Fermi level and redox potential gives
various charge distributions: a) Flat band distribution. No potential difference,
and no band bending. b) Accumulation layer. High electron concentration in
semiconductor causes downward band bending. c) Depletion layer. Low electron
concentration in semiconductor causes upward band bending. d) Extreme deple-
tion layer. Electron concentration below intrinsic level in semiconductor causes
extreme upward band bending. [20]
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In an electrochemical solar cell, the working mechanics are much the same as
for a solid-state solar cell. Electron-hole pairs are created in the semiconductor,
and diffuse towards the junction. When they get there, they either oxidise or
reduce the species in the redox pair, depending on the minority carrier being holes
or electrons, respectively. Which charge carrier that is moved across the junction
is determined by the direction of the band bending. Electrons move downwards
along band from the bulk, while holes move upwards. The other free charge carrier
is transported into the bulk of the material. For a current to continuously be able
to run, a counter electrode (CE) is needed, that is connected to the semiconductor
through an external circuit. The reduced or oxidised species in the electrolyte can
migrate towards the CE, and there be oxidised or reduces back to their original
state, respectively. A diagram of this cycle is shown below, in figure 2.13. [20,35]

Figure 2.13: Circuit diagram of a complete electrochemical photovoltaic cell.
Edited from [20]
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2.2.3 Important parameters in a photovoltaic cell

To describe and to characterize how well a photovoltaic cell works, there are pri-
marily 4 parameters that are of interest. These are the cells short-circuit current,
Isc, open-circuit voltage, Voc, the fill-factor (FF), and efficiency, η. It is through
these 4 parameters that virtually all commercial photovoltaic cells are described,
and they give a satisfactory overview of the cells performance. The easiest way to
find and calculate these parameters are with an I-V curve. Figure 2.14 gives an
overview of such a curve, with the important parameters marked. [12,13]

Figure 2.14: I-V curve of a typical photovoltaic cell under illumination, with ap-
proximate standard test conditions.

2.2.3.1 Short-Circuit Current

The short-circuit current is the current that runs through the cell when the two
terminals of the cell are short-circuited, i.e. connected together by an external
circuit with no resistance. For practical purposes this is the current measured when
the voltage over the cell is zero. The short-circuit current is the sum of both the
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dark saturation current and the light generated current. Since the dark saturation
current is typically quite small, the light generated current can be approximated
as the short-circuit current. The height of the short-circuit current is primarily
a function of the number of electrons and holes that pass over the junction in
the cell. This means that some of the determining factors is the cross sectional
area the charges move through, their diffusion length, and the electron-hole pair
generation rate. A higher value in all of these three will give a higher short-circuit
current. For the generation rate of the electron-hole pairs, the intensity of the
incident light is important. This is reasonable as light with higher intensity have
more photons that can get absorbed by the semiconductor, and produce more
electron-hole pairs. [12, 13]

2.2.3.2 Open-Circuit Voltage

The open-circuit voltage is the voltage over the cell when the two terminals are not
connected by any external circuit. When measuring, this is the voltage when the
current running through the cell is zero. The open-circuit voltage has a strong re-
lation to the built-in potential of the cell, and have many of the same determining
factors. One of these are the temperature, which through the Fermi-Dirac distri-
bution influence at what energies the electrons in the materials are distributed at.
For a doped solid-state solar cell the doping profile would also be quite determin-
ing, as it sets the relation between the Fermi levels of the joining materials, which
again determines the built-in potential. For a solid semiconductor/electrolyte so-
lar cell this built-in potential, and consequently the open-circuit voltage, is more
determined by the (possible) intrinsic Fermi level of the semiconductor and the
redox potential of the ion-pairs in the electrolyte. [12,40]

2.2.3.3 Maximum Power and Fill Factor

The power of the photovoltaic cell can be expressed as the product of the current
running through and the voltage over the cell, given by;

P = I · V (2.28)

At some point between the Isc and Voc in an I-V curve, the power will reach a
maximum. The current and voltage at this point of the curve is designated Imax

and Vmax, respectively. From this we can get what is called the fill factor, which
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is given by;

FillFactor =
Imax · Vmax

Isc · Voc
(2.29)

The fill factor is a measure of the ”squareness” of an I-V curve for a solar cell, and
gives an indication of the quality of the cell. As can be seen from equation (2.22),
in an ideal diode or solar cell the voltage should increase exponentially. Given the
range of the voltage and current in a solar cell, and the abruptness at which the
current starts to increase, this can be approximated as if the current increase as
a step function. This gives that the enclosed area from an ideal solar cell curve is
the product of Isc and Voc, as can be seen in equation (2.29).

Deviations from the ideal square curve are usually from resistive losses in the
device. These come in two main types, shunt and series resistances losses. The
series resistance is the ohmic resistance of all parts in series with the main com-
ponent, here the solar cell. The current that runs through these resistances will
be the same that runs through the solar cell. This means that to limit the energy
loss, these resistances should be as low as possible. The shunt resistances is the
resistance in circuits that runs in parallel with the main component. These often
comes from unwanted connection points that bypass the main circuit. Since these
circuits are in parallel, a certain fraction of the total current will go through each.
How much is inversely proportional to the resistance in each of the circuits. This
means that to limit the energy loss caused by shunt resistances, these resistances
should be as high as possible. [12, 13]

2.2.3.4 Efficiency

The efficiency of a solar cell is perhaps the most presented parameter of solar cells
performance, especially for commercial uses. The efficiency is the fraction of the
generated electrical power to the total power of the incident light. It is calculated
by dividing the maximum power of the cell, with the power of the incident light
absorbed the cell;

η =
Imax · Vmax

Ps

(2.30)

Or alternatively expressed by Isc, Voc and the FF;

η =
FF · Isc · Voc

Ps

(2.31)

Here η is the efficiency and Ps is the power of the incident light.
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The efficiencies given for varies solar cells are usually the efficiencies at peak
performance under ideal standard test conditions (STC). Some of these standard
conditions are that the intensity of the light should be at 1000W/m2, with an air
mass of 1.5 (AM1.5), and the temperature at 25◦C. Air mass is a factor that gives
a quantified measure of the attenuation by the atmosphere of the incident light
hitting earth. It is defined as the fraction of the length of the optical light path to
the sun at a specific position, to the length of the optical light path when the sun
is directly ahead. This fraction can be expressed as a angle of elevation from top
position, and AM1.5 is equal to the sun being at a 42◦ elevation. [37]

Below in table 2.1, typical FF and efficiency for varies types of solar cell mate-
rials are listed. These are performance characteristics at STC.

Table 2.1: Solar cells performance characteristics, at STC. [37]

Cell Type: Fill Factor: Efficiency (%):
Crystalline Si 82.8 24.7

Crystalline GaAs 87.1 25.1
Poly-Si 79.5 19.8

a-Si 74.1 12.7
CuInGaSe2 77.0 18.4

CdTe 74.5 16.4

Since these efficiencies are usually only given at ideal conditions, the actual
performance of the cells at other conditions may vary greatly, potentially yielding
much lower efficiencies. [12,13,40]

2.2.4 Characterization of photovoltaic cells

To characterize a photovoltaic cell, the first step would be to perform an I-V
measurement while the cell is under controlled illumination. This measurement
is often done as potentiodynamic measurement, where the voltage is changed at
a controlled pace, the scan rate, while the current is measured. The controlled
voltage usually starts at 0 V, recording the Isc. The voltage is then increased
steadily, and goes on until the recorded current intersects the V-axis. This gives
the Voc. From the data points between Isc and Voc an I-V curve can be plotted.
From these data points the point of maximum efficiency can also be found, and
the fill factor and efficiency calculated.
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For evaluating the quality of the photovoltaic cell, the plotted I-V curve can
be related to an expanded version of equation (2.24). In this equation the shunt
and series resistances are included, and gives a better understanding of deviations
from the ideal curve; [40]

I = I0

[
exp(

q(V − I ·Rs)

mkBT
)− 1

]
− Iph +

V − I ·Rs

Rsh

(2.32)

Here Rs is the series resistance, and Rsh the shunt resistance. By looking at the
exponential term in the equation we can see that the series resistance will influence
the voltage over the cell. This will affect how the current rises towards the Voc
point with increasing voltage. A high series resistance will give a slower rise, and a
less ideal curve. The shunt resistance will primarily influence the area close to the
short-circuit current. A low shunt resistance will allow current to move through
alternative pathways. This will to a larger degree cancel out the light generated
current, as is seen in the last two terms on the right side of the equation. Because
of this, the shunt resistance should ideally be infinite. In figure 2.15 below the
equivalent circuit diagram for the photovoltaic cell is shown. [40]

Figure 2.15: Equivalent circuit diagram for the photovoltaic cell, with shunt and
series resistances.

During the testing there are some parameters that can easily be varied, which
will give a more complete characterization of the system. Among these are the
illumination intensity, and the scan rate. The varied illumination intensity can
give a relation between the intensity and the light generated current. The change
in scan rate can give an indication on the impedance of the system. [28]
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The impedance relate what electrical resistance the current in the system will
meet, with changing voltages. Different electrical components, like ohmic resis-
tances, capacitors, and inductors, will affect the current differently. In most equiv-
alent circuit diagrams of real electrical system, like a solar cell, all of these different
components will be present, in one degree of of another. E.g. in a solar cell system,
there will be a small capacitance between the charges separated by the junction.
The shunt and series resistances in the solar cell system will also contribute to the
impedance. The impedance value is heavily influenced by the rate of which the
voltage is changed, and each type of components is affected differently. By doing
measurements on the solar cell at differing scan rates, the size and contribution to
the total impedance for each of these components can be deduced. [10, 29]

2.3 Photocapacitor systems

In this last section, the complete photocapacitor system will be looked at. This
includes what what parts are required to make a well functioning photocapacitor.
The charging and discharging mechanisms of the system will also be covered.

2.3.1 Requirements for a functioning photocapacitor system

In principal, the photocapacitor system is just two distinct electrical components
working in conjunction with each other. This means that to have a functioning
supercapacitor, each individual component just needs to perform its function.

For the photovoltaic components, this means generating electron-hole pairs
when irradiated by electromagnetic radiation. These then needs to be separated
by a barrier, so that recombination can only happen by going through an external
circuit. This movement of charges produces an electrical current. [10]

For the supercapacitor component, this means positioning two opposing elec-
trical charges close to each other, but still not touching. This creates an electrical
potential. To place the charges in these positions, an electrical current is used.
Most of energy expended in moving these charges is stored in the electrical poten-
tial. The stored energy can be acceded by presenting an alternative circuit through
which the charges can recombine. [30]

To have a functioning photocapacitor system on its own, may not be that
difficult. To have a photocapacitor system that is performing at the limits of
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its individual components, may be more difficult. To have this, the performance
of one of the component must not come at the cost of the performance of the
other. In a system containing individual, commercial, components, this is easy to
achieve. In a fabricated, single device photocapacitor, however, this becomes more
challenging.

2.3.2 Charging and discharging mechanisms of a photocapacitor sys-
tem

To describe the charging and discharging mechanisms of a photocapacitor system,
a circuit diagram can be created. Such a diagram is shown in 2.16 below. In
the diagram the photovoltaic parts and the supercapacitor parts are represented
as individual components, connected in series. The photovoltaic component is a
solid-state, PN-junction solar cell. The diagram shows the circuit during charging.

Figure 2.16: Diagram of photocapacitor system.

2.3.2.1 Charging the commercial photocapacitor system

When the solar cell is illuminated, the light induced current is generated. It is
a result of the photo excited electron-hole pairs that diffuse and drift across the
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PN-junction. This current goes in the opposite direction to the current that would
run if the solar cell diode was under forward bias. To keep a continual current
flowing, the two terminals of the system needs to be connected to each other.
Depending on the built-in potential of the PN-junction, VPV , the resistances in
the circuit, and the dark-saturation current, there will be a certain voltage over
the solar cell. The current that runs through the circuit after the two terminals are
connected together will gradually charge the supercapacitor. This charging will
continue until the voltage that builds up over the supercapacitor, VC , is equal to
the voltage over the solar cell, but in the opposite direction. When measuring the
open-circuit voltage over the complete system, the value should be zero since the
voltages over the two components almost completely cancels each other out. The
last voltage drop to make the total potential zero comes from the series resistance
in the circuit. This means that the two photovoltaic parameters, Isc and Voc, it is
the Voc that is the determining factor for how much energy can be stored in the
supercapacitor of a photocapacitor system. [10,30]

2.3.2.2 Discharging the commercial photocapacitor system

To discharge the system, the light needs to be turned off, and the terminals con-
nected. When the light is turned off there is no more light-generated current, and
the solar cells is in effect a diode. The lead direction of the diode is in the opposite
direction to the current that charged the supercapacitor. This means that when
the supercapacitor is to be discharged, the discharging current will run in the lead
direction of the diode, and through the closed circuit. Because of this, it might
seem that the complete discharge of the supercapacitor should not be a problem.
There is one issue, however. This issue is caused by the diode, and will greatly
limit the speed and degree of which the supercapacitor can be discharged. In a
diode, the current allowed to flow through is heavily influenced by the applied
voltages over it. This relation is shown in equation (2.32), where the shunt and
series resistance for the diode (solar cell) is also included;

I = I0

[
exp(

q(V − I ·Rs)

mkBT
)− 1

]
− Iph +

V − I ·Rs

Rsh

(2.33)

In the simple, ideal diode equation, V is the applied voltage over the diode.
In a non-ideal system, there will be resistive losses in the circuit, that reduce
the effective voltage over the diode. In this system, during the discharge, the
applied voltage comes from the electrostatic potential in the supercapacitor, and
the resistive losses, Rs, is the series resistance in the whole circuit. From this
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equation, an explicit expression for the discharge current can be devised.

To start of we can assume that there is no illumination and that the shunt
resistance is sufficiently large, eliminating the last two terms on the right side of
the equation. This gives

I = I0

[
exp(

q(VC − I ·Rs)

mkBT
)− 1

]
(2.34)

If the current through the diode is very small, this expression can be approxi-
mated to

I ≈ I0 ·
q(VC − I ·Rs)

mkBT
(2.35)

By further rearranging equation (2.35), the explicit expression for the discharge
current is found

I = I0 ·
qVC
mkBT

· 1

1 + qRsI0
mkBT

(2.36)

From this equation, a few very important relations can be noted. The first is
how the voltage over the supercapacitor affects the current. With a higher voltage,
a higher current will run through the diode. As the supercapacitor discharges, this
voltage will drop, and subsequently the current also drops. This could means that
if the initial VC was very large, the discharge could also happen very quickly in the
start, but then quickly slow down more and more. The validity of this proposed
mechanism has to be considered though, as the approximations used for equation
(2.36) has a very limited range. The second relation is how the series resistance
affects the current. With increasing series resistance, the total current would get
lower and lower. This means that if the complete photocapacitor system was
connected to an external circuit, with a certain resistive load, RL, the discharge of
the supercapacitor would happen slower and slower with increasing RL, and then
slow down even further as VC decreased. In a discharge of an actual photocapacitor,
these relations put together would mean that the current and the discharge would
practically come to a stand-still, before the supercapacitor is completely emptied
of charge. One last think to consider validity of equation
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Chapter 3

Method

In this chapter the procedures used to fabricate photocapacitor devices will be
explained. How the devices were tested and characterization will also be cov-
ered. The instruments, chemicals and computer programs that were used in the
fabrication and characterization are presented in summary tables in the appendix.

3.1 Fabrication of a photocapacitor

A complete photocapacitor consists of many different components, and several of
these share the same fabrication procedures. In the following sections the general
steps are presented and explained, with the specifics for each type of electrode
with regards to components and ratios, afterwards.

3.1.1 Preparing the indium tin oxide glass slides

1. The indium tin oxide (ITO) glass slides are cleaned. They are placed in a
solution of ethanol and sonicated for a few minutes. Afterwards the slides
are removed from the solution, rinsed with a bit more ethanol and placed in
a drying rack for glass slides.

2. Checking for conductive side. The glass slides are only coated with ITO on
one side, and which side this is needs to be established. This is easily done
by using a multimeter and checking the resistance across the edges of the
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slide. On the ITO side the resistance will typically be in the range of 10-100
Ω, while on the non-coated side in the range of 106 Ω.

3. The last step is masking up the sides of the glass slide. This primarily
serves two purposes. The first purpose is to mask up areas that needs to
be uncoated in the electrode material. These areas are left bare for the
connection of clamps and external wires for characterization. The second
purpose is to serve as thickness limiters for the applied layer. The masking
is done with some sort of regular tape, like scotch tape or electrical tape, the
latter can be seen in figure 3.1 below. This figure shows both the unmasked
and masked ITO-slide, where one edge of the slide is left unmasked. This
tape had a thickness of about 0.15 mm.

Figure 3.1: Unmasked (left) and masked (right) ITO-slide. Tape thickness of 0.15
mm.

3.1.2 Applying electrode material to ITO glass slides

1. Measure out the right amount of the primary, nanostructured electrode mate-
rial, and the polymer binder used. Measurements are done by weight percent
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(wt%) of total weight, from dry powders, with a precise scale.

2. Mix the measured components together.

The following steps should be performed under a fume hood, as an
organic solvent is used:

3. Dissolve the polymer in the mixture with tetrahydrofuran.

4. The solution needs to be sonicated for about 10 minutes to break up agglom-
erations of the nanoparticles. This should ideally be done in a closable glass
container. This is to limit the evaporation of the volatile solvent, and also
in preparation for the next step. [18]

5. Before applying the solution to the slides, the solution needs to be stirred
vigorously to ensure homogeneous distribution of the nanoparticles. Also,
the amount of solvent should be regulated to give the right consistency of
the solution. The consistency should be that of a light paste, that can be
spread easily. This is most easily achieved by using a bit more solvent in step
3, and then letting it evaporate while sonicating and stirring till the right
consistency is reached.

6. Using a stirring rod, apply a small amount of the paste on one of the edges
of the unmasked part of the glass slide. Then, using a razor blade, drag the
paste across the remainder of the unmasked parts of the slide. The edge
farthest away from the unmasked opening of the slide is usually chosen, to
allow excess paste to be swept away easily. The elevated, masked parts serves
as limiters and height guides for the applied layer. However, be aware that if
the height of the masking tape is too low, or the paste too thick, the applied
paste will not spread evenly, but rather be dragged of completely.

7. After the paste has been applied, let the slide remain under the fume hood
for a few hours, to allow the solvent to completely evaporate.

8. When the applied layer has dried, the masking can be removed.

3.1.3 Fabrication of supercapacitor carbon electrode

For the construction of the carbon electrodes two different types of solutions were
made.

The first solution contained nanostructured carbon spheres and binding poly-
mer. The carbon spheres were at sub 50 nm in size. The binding polymer was

48



Poly(vinylidene fluoride) (PVDF). They were mixed at a ratio of about 60 wt%
carbon nanospheres to 40 wt% of PVDF, in powdered form.

The second solution contained the same as the first, with the addition of a small
amount multiwalled carbon nanotubes (MWNTs). The MWNTs were primarily
added to increase conductivity. The amount added should however be limited, as
they have great tendency to agglomerate into large grains. These grains are quite
difficult to break up, even with extensive sonication. The MWNTs used had an
outer diamater of 6-9 nm, and a length of 5 µm. The ratio of substances in this
mixture was 5 wt% MWNTs, 55 wt% carbon nanosphere, and 40 wt% PVDF, in
powdered form.

3.1.4 Fabrication of photovoltaic silicone electrode

The photovoltaic electrode made of silicon was made in a similar way to how the
first carbon-electrode was made. It only contained the primary electrode material,
nanostructured silicon spheres, and PVDF. The nanostructured silicon spheres
used were at sub 100 nm in size. The solution was mixed at a ratio of 70 wt%
silicon nanospheres to 30 wt% PVDF.

3.1.5 Fabrication of dye-sensitized solar cell

The making of a dye-sensitized solar cell is a bit different from the making of
the previously mentioned electrodes. The procedures given below is based on the
procedure presented by Takechi et al., with a different electrolyte used. [45]

1. Measure up 3.5g of nanostructured titanium(IV) oxide in powder form.

2. Add 15 ml of ethanol to suspend the powder.

3. Sonicate for at least 30 min to break up agglomerations of the nanoparticles.

4. Add titanium(IV) tetraisopropoxide to the solution, and mix until the solu-
tion is homogeneous.

5. The solution should have a paste-like consistency. It is applied to an ITO
glass slide in similar manner as described in step 6 of section 3.1.2 above.

6. Let the applied layer dry some, then remove the masking on the slide.
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7. Heat the glass slide for 10 min at 150◦C to temper the surface and evaporate
the remainder of the solvent. Remove from the heat.

8. Make the dye mixture. Mix eosin Y in ethanol to a concentration of 1 mM,
to a total volume of about 50 mL.

9. Apply dye to the glass slide. The length of exposure determines the degree of
filling of the titaniumoxide complex. An adequate degree of filling is achieved
after 10 minutes, but to ensure a filling as complete as possible, keep the slide
submerged in the dye solution for 24 hours. The dye solution can be heated
slightly to promote filling. This will however accelerate the evaporation of
the ethanol in the dye solution if not kept on a closed/covered container.

10. After the dyeing is complete, the glass slide is first rinsed with distilled/deion-
ized water, and then with ethanol. The uncoated parts of the slide is cleaned
clear of dye with cotton swabs and ethanol.

3.1.6 The electrolyte solutions

Regarding the electrolytes used, two different types were made. The first one was
an aqueous iodine/iodide electrolyte, I−/I−3 , which is the most standard electrolyte
used with DSSCs. The second one was an aqueous solution of lithium hexafluo-
rophosphate, LiPF6. This as an electrolyte typically used in commercial batteries,
but also the one used by Lo et al. in their 2010 photocapacitor paper. [33]

The procedure for making the iodine/iodide electrolyte used was presented by
Johnson et al. [26]. It is made by mixing 0.127g of 0.05M iodine (I2) in 10 mL
of ethylene glycol, and then adding 0.83 g of 0.5 M potassium iodide (KI). The
potassium iodide was mixed from powder form with water, to a 0.5 M solution.

The lithium hexafluorophosphate solution was made by mixing 0.76 g of LiPF6

powder with 10 mL of deionized water. This gives an electrolyte solution of 0.5M
LiPF6.

3.1.7 Final assembly

When both the photovoltaic and supercapacitor electrodes are made, and the
electrolyte solutions mixed, the final photocapacitor device can be assembled.
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1. Place both the two electrodes side up on the assembly table, and apply a
small amount of the chosen electrolyte on each with a syringe. This is to
pre-wet the electrode materials, to ensure a more complete wetting.

2. When this is done, place a separator on the carbon electrode. A CultureWellTM

Multiwell Chambered Coverslip, cut to size, is used. The opening in the
separator should only be in the area where the glass slide is coated in the
electrode material. The remainder of the separator should be large enough
to cover the uncoated areas, to prevent shortening the cell. One edge is ex-
cepted from this, as it is the edge where clamps for external circuiting are
to be connected.

3. Fill the opening in the separator with more electrolyte until it is completely
full.

4. Lift the photovoltaic electrode up, and flip it around as it is placed on top
off the separator. Make sure that the uncoated parts are not placed over the
opening in the separator, same as was done for the supercapacitor electrode.
Also, leave one edge uncovered by the separator, on the opposite side of the
uncovered edge on the supercapacitor electrode. In a side-view, the complete
cell could resemble the shape of a Z, where the two edges are where the clamp
are attached. Make sure that the opening in the separator, between the two
electrodes, are completely filled with electrolyte, with no air bubbles.

5. Carefully slide the combined cell to the edge of the table, until one edge of
the longest side sticks out. Add a binder clip to the exposed edge, while
making sure to apply downward pressure to holt the parts together. Turn
the cell around, and attach a second binder clip on the opposite side. Make
sure that the metal parts of the binder clips do not touch any conductive
part of the cell.

6. Inspect the cell to make sure the chamber inside is still properly filled with
electrolyte. If this is not the case, move the binder clips slightly downwards
along the edge until a small gap appears. Inject more electrolyte through this
gap with a syringe, and move the binder clips back to the original position.

7. Wipe away the excess electrolyte that got squeezed out when the electrodes
were combined.
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3.2 Characterization

After the photocapacitors were fabricated and assembled, both they and a photo-
capacitor system of commercial components needed to be characterized. How this
characterization was performed is explained in the following sections.

3.2.1 Characterization set-up

To characterize the commercial and fabricated supercapacitor, an optic rig system
was constructed, with several key features.

The first of these features was the mounting and focusing of a light source.
The light was produced from a 150 W Halogen light bulb in Thorlabs’ OSL1-EC.
A data sheet for this light source can be found at [8]. From the light source the
light was sent through a fibre optic cable, was attached to the rig, and the light
sent through a lens. This lens served to focus the light, and illuminate the sample
uniformly. The light from the fibre optic cable needed to be focused enough to give
a power upwards of 100 mW/cm2, the standard testing condition for photovoltaic
cells. To test at conditions of lower power, the light intensity was adjusted at the
light source, keeping the lens fixed.

On the other end of the light source and focusing lens, is a mounting stage for
the samples to be tested. The first part of this stage is a mounting block, where
the samples are fixed vertically by clips. This mounting block is attached to a
metal rail, making it easy to both attach and remove samples, and to fix them in
the right position.

Between the lens and the mounting stage the light path is tapered, ending in
an aperture. Aperture is in the form of a 15.5 mm long tube with a diameter of
11.6 mm. When testing, the sample is positioned flush with the aperture, which
gives a controlled area of light exposure on the photovoltaic cell. The aperture
tube can also be easily removed, and a ’Thorlabs PM100D - Digital Handheld
Optical Power and Energy Meter Console’, with a ’Thorlabs S302C - Thermal
power sensor’ probe, can be attached. With this instrument the power of the
incident light can be measured, and calibrated to the right intensity. The light
path of these two possible set-ups, in terms of dimensions, are about the same.
This makes the measured power a good approximation of the power of the incident
light hitting the sample to be tested.
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Lastly, the whole rig is enclosed in a black box. This is to prevent unwanted
illumination of the samples from the surroundings. A schematic drawing of the
setup is shown below, as well as pictures.

Figure 3.2: Schematic drawing of the light rig system. 1. Fibre optic cable 2.
Fibre optic cable holder 3. Optic lens, Thorlabs AC254-030-A-ML 4. Lens holder
5. Aperture tube 6. Sample 7. Sample mounting stage 8. Mounting stage rail 9.
Mounting rail support 10. Sample clamps 11. Tube reducer. The tube reducer
can be removed, and the optical power probe attached.
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Figure 3.3: Photo of the light rig system.

3.2.2 Characterization procedures

For the major part of the characterization, the computer program EC-lab was used,
in junction with a potentiostat. In this program, two measuring techniques were
primarily utilized, the ’Cyclic Voltammetry - CV’ and the ’I-V characterization
- IVC’ techniques. Another computer program was also used, name Logger Pro,
where differential voltage was measured.
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Figure 3.4: Diagram showing the circuit of the characterization setup. The differ-
ential voltage module is connected differently for between the fabricated and the
commercial component systems.

In figure 3.4 above, a diagram of the characterization circuit is shown. In this
diagram we see how the potentiostat is connected to the photocapacitor system,
which consists of the photovoltaic and supercapacitor components. The diagram
also shows that the differential voltage module is connected differently between
the fabricated photocapacitors, and the commercial components systems. In the
former, the module is connected in the same way as the potentiostat. In the latter,
the module is connected over the supercapacitor component.

3.2.2.1 Cyclic Voltammetry - CV

The cyclic voltammetry technique is especially useful for determining the capaci-
tance of a capacitor/super capacitor, as was mentioned in section 2.1.5. It works
by cycling, or ’sweeping’, the voltage between two set values, forming a triangular
wave, while measuring the current. This triangular wave can be seen in figure 3.5
below, which shows a screenshot from the EC-Lab program.
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Figure 3.5: Screenshot from the EC-Lab program, showing the CV technique
option.

When performing this technique there are a few important set-parameters, three
in particular. The first is the range between the two set values for the potential
sweeping. These values are typically set symmetrical with the zero potential axis,
and should exceed the range of the stability window of the supercapacitor. The
second important set-parameter is the speed at which the potential is changed,
i.e. the scan rate. The scan rate is directly related to how large the measured
current gets while testing. Differing scan rates also give information to how well
the supercapacitor performs at various charge/discharge frequencies. The third
parameter is the number of scanning cycles. This is the number of complete
sweeping periods performed. By testing the supercapacitor through several cycles,
information about the stability of the device can be acquired, and the lifetime can
be derived.

When testing the photocapacitors and commercial supercapacitor, a series of
tests were performed at varying scan rates. These scan rates were set at 5, 10,
20, 30, 50, and 100 mV/s. The range of the potential sweeps were set at ± 0.5
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V. The range was set at this potential because the open-circuit voltage of a single
photovoltaic cell rarely goes much higher.

3.2.2.2 I-V characterization - IVC

While the cyclic voltammetry technique can be used to characterize supercapac-
itors, the I-V characterization technique is meant for characterizing photovoltaic
cells. It works through a similar scan rate, changing the potential at a certain rate,
while measuring the current. Unlike the CV, the potential sweep is only done in
one direction, instead of cycling between two set values. This is seen in figure
3.6 below. The sweeping starts at zero voltage, i.e. the short-circuit current of a
photovoltaic cell. The voltage is then increased, sweeping in the positive direction
along the V-axis. It goes on until the measured current starts increasing and inter-
sects the V-axis, i.e. the open-circuit voltage. The current measurement between
these two points are then used to calculate the maximum power, fill factor and
efficiency.

Figure 3.6: Screenshot from the EC-Lab program, showing the IVC technique
option.
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Two of the most important parameters when using this technique is the scan
rate, and the power of the incident light illumination the photovoltaic cell. While
the scan rate can be controlled by the program, the power of the incident light can
not. This is rather controlled by the external light source. Consequently, when
testing for performance at varying light conditions, the power of the light needs to
be calibrated by the external optical power probe for each condition.

When testing the photocapacitors and commercial solar cells, both the scan
rates and the power of the incident light was varied. The scan rates were the same
ones used during the CV technique. The power of the incident light was primarily
set at 100 mW/cm2, but with some measurements at lower intensities as well.

3.2.2.3 Differential Voltage Measurement

With the Logger Pro program, the differential voltage between two terminals could
be recorded as a function of time. This was used to measure the charging and
discharging of the photocapacitor systems. The voltage measuring was achieved
by using a Differential Voltage Module, that was connected to a ’LabQuest mini’
usb-hub from Vernier. The module had two probes that could be connected to
the photocapacitor circuits. Before connection, the voltage between the probes
has to be zeroed in the program, as there typically was a small initial bias. In the
program the measurement time, and measuring frequency could be set. In figure
3.7 below a sceenshot from the program presented, showing the zeroing of the bias.
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Figure 3.7: Screenshot from the Logger Pro program, showing the zeroing of the
voltage bias.
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Chapter 4

Results

In this chapter, the main results from the characterization and testing are pre-
sented. The results are divided into distinct sections, as the characterization was
done in several parts with different components and parameters in focus. In each of
these sections the data from both the fabricated units and the commercial compo-
nents are presented. The data is primarily presented in the form of measurement
graphs, with tables showing the calculated parameters. The results are commented
on briefly, reserving the major part of the discussion for the next chapter.

The first section focuses on supercapacitors, and the calculated capacitance.
The second section focuses on photovoltaic cells, and their Voc, Isc, fill factor and
efficiency. The third section is about the complete photocapacitor system, either
in the form of a single, fabricated device, or a setup of commercial components.

4.1 Supercapacitor measurements

By characterizing the supercapacitors on their own, a better insight in their indi-
vidual performances were achieved. This included their specific capacitance, but
also the degree of non-ideal behaviour like ohmic resistance and redox reactions.
These performances would indicate an upper bound on the expected performed on
a complete photocapacitor system.
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4.1.1 Commercial supercapacitor

In the setup of commercial components, a 1 farad supercapacitor was used. The
supercapacitor was tested using cyclic voltammetry with a sweep range of [-
0.5V,0.5V], 5 cycles, and scan rates of 5, 10, 20, 30, 50, and 100 mV/s, respectively.
In figure 4.1 below the graph of the CV measurement at 20 mV/s is shown.

Figure 4.1: CV-graph of a commercial 1 farad supercapacitor, 20 mV/s scan rate.

The most noticeable feature from the figure is the squareness of the curve.
With only a very slight slant, and some rounding of the curve where the sweeping
voltage changes direction, the graph is a close approximation to an ideal SC.

With the method described in section 2.1.5, the effective capacitance of the
supercapacitor was calculated. This was done by first finding the area of the
hysteresis for the power, from the CV-curve. The areas was found using the ’trapz’
function in MATLab. Knowing the scan rate, this area could then be related to the
total energy stored in the supercapacitor by using equation (2.20). With the total
stored energy, and equation (2.21), the effective capacitance could be estimated.
The effective capacitance was calculated for each cycle. These calculations were
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then averaged, and the standard deviation calculated, using the ’mean’ and ’std’
functions in MATLab, respectively. In table 4.1 below the calculated effective
capacitance at various scan rates are presented.

Table 4.1: Effective capacitance of commercial supercapacitor

Commercial Scan Rates, [mV/s]
Supercapacitor 5 10 20 30 50 100

Effective 1.018 0.9738 0.9238 0.8908 0.8412 0.750
Capacitance, [F] ± 0.002 ± 0.0004 ± 0.0002 ± 0.0002 ± 0.0003 ± 0.001

In the table, it can be seen that the calculated capacitance is the same as the
listed value of 1 F, within 10% tolerance, for the lower scan rates. When the scan
rates increase, this value decrease some.

4.1.2 Fabricated supercapacitor electrodes

There were made two different types of supercapacitor electrodes. The first type
consisted of just nano-textured carbon spheres, supported by Poly(vinylidene flu-
oride) on an ITO glass slide. The second type also consisted of nano-textured
carbon spheres, but with a small amount of multi-walled nanotubes (MWNTs)
added. These were also supported by Poly(vinylidene fluoride) on an ITO glass
slide. There were also mixed two different types of electrolytes, I−/I−3 - and LiPF6,
both in distilled water. In figures 4.2 and 4.3 below, camera pictures and SEM
images of the two types of supercapacitor electrodes are shown, respectively.

Figure 4.2: Pictures of the supercapacitor electrodes. A) Nano-carbon electrode
B) Nano-carbon w/ MWNTs electrode
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Figure 4.3: SEM images of the two supercapacitor electrodes. Two top images:
pure nano-carbon. Two bottom images: nano-carbon w/ MWNTs.
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The supercapacitor electrodes and the electrolytes where combined to form
complete supercapacitor devices. In each of these devices both of the two elec-
trodes had the exact same composition of carbon coating. From the two types of
supercapacitor electrodes, and the two types of electrolytes, a total of four unique
setups could be made. A diagram of the fabricated supercapacitors is shown below
in figure 4.4

Figure 4.4: Diagram of the fabricated supercapacitors. Both of the electrodes had
the same type of nano-carbon coating.

These supercapacitors where then all tested using cyclic voltammetry with the
same testing parameters as the commercial supercapacitor. Below in figures 4.5-
4.8 the CV-graphs from the measurements at 20 mV/s for all four supercapacitors
types are presented.
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Figure 4.5: CV-graph of nano-carbon v nano-carbon supercapacitor, I−/I−3 -
electrolyte. 20 mV/s scan rate.

Figure 4.6: CV-graph of nano-carbon v nano-carbon supercapacitor, LiPF6-
electrolyte. 20 mV/s scan rate.
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Figure 4.7: CV-graph of nano-carbon w/MWNTs v nano-carbon w/MWNTs su-
percapacitor, I−/I−3 -electrolyte. 20 mV/s scan rate.

Figure 4.8: CV-graph of nano-carbon w/MWNTs v nano-carbon w/MWNTs su-
percapacitor, LiPF6-electrolyte. 20 mV/s scan rate.
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Comparing these figures to figure 4.1 in the previous section, a significant
difference can be seen. The most noticeable is the presence of non-ideal behaviour.
The first of these are that all of the figures are slanted, clearly indicating the
presence of ohmic resistances. The second non-ideal behaviour are the small peaks
in the curves for the SCs that use the I−/I−3 -electrolyte. These occur at about ±
0.3 V. These peaks are most prominent in the SCs with electrodes of just nano-
carbon. The SCs that use LiPF6 as electrolyte have curves that are more even,
with only slight indications of peaks at the ends of the scan range. These may
better be described as flattening of the otherwise slanted curve, and could be a
function of the ohmic resistance, and not necessarily from a redox reaction. A third
observation to make is the peak-to-peak current of the different cells. Generally,
the SCs that use the nano-carbon w/ MWNTs electrodes have noticeable higher
currents than the ones that only have nano-carbon electrodes.

The effective capacitance of all the fabricated supercapacitors were calculated
using the same method that was used for the commercial supercapacitor. The
calculated values are listed below in tables 4.2-4.5.

Table 4.2: Effective capacitance of fabricated supercapacitor. Nano-carbon elec-
trodes, I−/I−3 -electrolyte.

Nano-carbon, Scan Rates, [mV/s]
I−/I−3 5 10 20 30 50 100

Effective 2.9 2.23 1.56 1.24 0.95 0.656
Capacitance, [mF] ± 0.2 ± 0.04 ± 0.03 ± 0.02 ± 0.01 ± 0.007

Table 4.3: Effective capacitance of fabricated supercapacitor. Nano-carbon elec-
trodes, LiPF6-electrolyte.

Nano-carbon, Scan Rates,[mV/s]
LiPF6 5 10 20 30 50 100

Effective 1.96 1.28 0.7969 0.5995 0.4206 0.2656
Capacitance, [mF] ± 0.09 ± 0.02 ± 0.0006 ± 0.0003 ± 0.0004 ± 0.0003

67



Table 4.4: Effective capacitance of fabricated supercapacitor. Nano-carbon
w/MWNTs electrodes, I−/I−3 -electrolyte.

Nano-carbon, Scan Rates,
w/MWNTs, [mV/s]

I−/I−3 5 10 20 30 50 100

Effective 5.1 4.14 3.10 2.45 1.714 0.878
Capacitance, [mF] ± 0.3 ± 0.08 ± 0.07 ± 0.03 ±0.009 ± 0.008

Table 4.5: Effective capacitance of fabricated supercapacitor. Nano-carbon
w/MWNTs electrodes, LiPF6-electrolyte.

Nano-carbon, Scan Rates,
w/MWNTs, [mV/s]

LiPF6 5 10 20 30 50 100

Effective 4.0 3.97 2.946 2.437 1.958 1.526
Capacitance, [mF] ± 0.6 ± 0.02 ± 0.009 ± 0.006 ± 0.005 ± 0.003

A few of the observations seen in the graphs are reflected in the values in the
tables. One of these are the effect of MWNTs in the electrodes. For the lowest
scan rates, the SC with MWNTs have a capacitance of about 2 mF higher than
their pure nano-carbon counterpart. Another of these observations are that the
SCs with I−/I−3 have a capacitance that is higher than the ones with LiPF6, for
low scan rates. This could come from the increased hysteresis in the graphs caused
by potential redox reactions. Consequently, it can also be seen the the capacitance
from the I−/I−3 SCs drop more rapidly than the LiPF6 SCs with increasing scan
rates.

To check the effect of the nano-structuring of the supercapacitor electrodes, a
quick estimation can be done. In this estimation, equation (2.5) from chapter 2 is
used, rearranged with regard to surface area;

A =
C · d
ε

(4.1)

In this ε is the relative permittivity of water, and the distance d can be set as
the Debye length, given by equation (2.11). With an ion concentration of 0.05 M,
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and temperature of 300 K, the Debye length is found to be;

d =

√
80 · 8.854 · 10−12Fm−1 · 1.380 · 10−23JK−1 · 300K

(1.602 · 10−19)2 · 3.0 · 1025m−3
= 1.95 · 10−9m (4.2)

Here the ion concentration was converted to number density, n = NA · c, where
NA is Avogadros constant, and c the ion consentration in mol/m3. [16,30] Choosing
the fabricated supercapacitor with the highest calculated effective capacitance,
nano-carbon w/MWNTs electrodes and I−/I−3 -electrolyte, the effective surface
area is calculated;

A =
2 · 5 · 10−3F · 1.95 · 10−9m

80 · 8.854 · 10−12Fm−1
= 2.8 · 10−2m2 (4.3)

In the calculation the effective capacitance is doubled. This is because of the
relation between the total capacitance in a symmetric supercapacitor, and the
capacitance at each of the electrodes, given by equation (2.13). The chambered
coverslips that were used as separators had an internal area of 1.77 cm2. The ratio
between the effective surface area of the electrode and this is as follows;

Ratio =
Aelectrode

Acoverslip

=
2.8 · 10−2m2

1.77 · 10−4m2
= 155.7 (4.4)

From this we can see that the nano-texturing of the electron surface has in-
creased the effective surface area about 156 times.

4.2 Photovoltaic measurements

The characterization of the photovoltaic cells on their own was done with the same
motivation as the characterization of the supercapacitors; To find their specific
individual performance, that would similarly give an indication on the upper bound
of performance.

In the testing of the photovoltaic cells, the approach for the commercial solar
cell was straight forward. For the fabricated photovoltaic cells, however, this was
a bit more tricky.
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4.2.1 Commercial solar cell

The commercial solar cell used was a poly-crystalline silicon cell, measuring 2
cm x 2.5 cm. The characterization was to a large degree straight forward, with
only a minor issue with the position of the illumination on the cell. Though a
small cell, it still had two cells in series. This effected the Voc some, but the
Isc in particular. With just slight variations in the position of the illumination,
with the same illumination area and light intensity, the Isc was observed to shift
considerably. To account for this, the solar cell was fixed firmly on the sample
stage, and all the measurements were taken in quick succession. Though perhaps
not ideal measurements, this at least assured consistency for further calculations.

The solar cell was characterized at several different illumination intensities.
Initially, the illumination intensities were set at 100, 80, 60, 40, and 20 mW/cm2,
but due to a calibration error discovered later on, they were recalculated to being
88, 70, 53, 35 and 18 mW/cm2, respectively. For consistency these recalculated
intensities were used for the reminder of the testing. The cell was also characterized
at no illumination.

Below in figure 4.9 the I-V measurements for all the different illuminations
intensities are shown, for the 20 mV/s scan rate. Also, in figure 4.10 the I-V
measurement for no illumination is given, at 20 mV/s scan rate.

Figure 4.9: Commercial solar cell, 5 different illumination intensities, 20 mV/s
scan rate
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Figure 4.10: Commercial solar cell, no illumination, 20 mV/s scan rate

From the figure above it can be seen that the I-V curves from the commercial solar
cell are close approximations to the curve of an ideal photovoltaic cell. The current
remains stable throughout most of the scan range, with a favourable exponential
rise when approaching the Voc. It can also seen how both Voc and Isc decrease with
decreasing illumination intensity.

The photovoltaic cell parameters for all the different scan rates and illumina-
tion intensities were calculated. These calculations were done using a self-written
program in MATLab. In this program the voltage and current measurement where
imported, and processed. The short-circuit current and open-circuit voltage was
estimated by finding the data points closest to the I- and V-axis, respectively, and
the values noted. The fill factor was found by first finding the max power point.
This was found by taking the product of the current and voltage at each data point,
and then finding the maximum value. The efficiency was calculated by dividing
the power at the maximum power point with the power of the incident light. The
power of the incident light was calculated from the illumination intensity per cm2,
times the aperture opening of 1.06 cm2. In table 4.6 below the parameters for the
88 mW/cm2 illumination measurement are shown.
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Table 4.6: Photovoltaic cell parameters, Commercial Solar Cell,
88mW/cm2 illumination.

Photovoltaic Scan Rates, mV/s
cell parameters 5 10 20 30 50 100

Short-Circuit
Current, [mA]

-10.22 -10.11 -10.17 -10.08 -10.25 -10.13

Open-Circuit
Voltage, [V]

1.06 1.06 1.06 1.07 1.06 1.06

Fill Factor 0.79 0.79 0.78 0.80 0.79 0.80
Efficiency, [%] 9.66 9.51 9.52 9.60 9.66 9.66

Form the table the commercial solar cell can be seen to have a fill factor of about
0.80, and an efficiency of about 9.5-9.6%. These values reflect the more ideal IV-
curves seen in the above figures. The fill factor also matches the listed parameters
for poly-crystalline silicon in table 2.1, with the efficiency being somewhat lower.
The lower efficiency is most likely a cause of the positioning of the illumination.

4.2.2 Fabricated photovoltaic electrodes

The challenges in characterizing the fabricated photovoltaic electrodes on their own
lay in the need for a counter-electrode. These are a necessity in electrochemical
photovoltaic cells, to reduce/oxidize the oxidized/reduced ions in the electrolyte
back to their initial state, completing the circuit. For dye-sensitized solar cells,
the proposed type of CE is often a conductive polymer or oxide, coated with a
carbon species to catalyse the process. Since the supercapacitor electrodes already
consisted of Indium-Tin Oxide slides coated with nano-porous carbon spheres, a
different form of carbon was chosen. The choice fell on an ITO-slide with a layer
of soot added, partly because of its simplicity in making. The soot was applied
by simply holding the slide over an open flame from a lighter, until completely
covered. A small area was left clear for cable connection. [45]
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Figure 4.11: Pictures of the various photocapacitor electrodes. A) Nano-silicon
electrode B)Dye-Sensitized Solar cell

Figure 4.12: SEM image of the nano-silicon electrode.
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Figure 4.13: SEM images of the DSSC electrode.

In figures 4.11-4.13 above, camera pictures and SEM images of the two types
of photovoltaic electrodes are shown, respectively. The initial intent was to test
both DSSC electrodes and photovoltaic electrodes made of nano-silicon particles
in the photocapacitor systems. However, when testing the nano-silicon cells for
photovoltaic characteristics, no significant response was observed. This was the
same with both nano-carbon CE and with a platinum on ITO CE, using LiPF6

as an electrolyte. As a consequence, the further photovoltaic characterizations are
only focused on the DSSCs.

The characterization of the DSSC was done with the IVC technique in EC-lab,
with an I−/I−3 electrolyte, at 88mW/cm2 illumination. The cell was scanned at 5,
10, 20, 30, 50 and 100 mV/s scan rates. The graph of the 20 mV/s measurement
is shown below in figure 4.14.
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Figure 4.14: Dye-Sensitized Solar Cell w/ soot CE, 88mW/cm2 illumination, 20
mV/s scan rate

In this graph, a few observations can be made that needs to be commented
on. The most noticeable feature, is the deviation from the ideal IV-curve of a
photovoltaic cell. The current in the graph starts at a low value for the Isc.
When the voltage starts increasing and the curve moves into the fourth quadrant,
the current increases extremely fast. After the rise the current then levels off
somewhat, before rising slowly towards the Voc. What may cause this type of
shape in an IV-curve is discussed in the next chapter.

In table 4.7 below the calculated photovoltaic parameters are presented. These
parameters were calculated in the same way as was done for the commercial solar
cell.
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Table 4.7: Photovoltaic cell parameters, Dye-Sensitized Solar Cell w/ soot CE,
88mW/cm2 illumination.

Photovoltaic Scan Rates, mV/s
cell parameters 5 10 20 30 50 100

Short-Circuit
Current, [mA]

-0.55 -0.60 -0.50 -0.57 -0.71 -0.79

Open-Circuit
Voltage, [V]

0.55 0.46 0.36 0.31 0.25 0.21

Fill Factor 0.01 0.01 0.02 0.02 0.02 0.02
Efficiency, [%] 0.0045 0.0035 0.0035 0.0033 0.0034 0.0039

From the table it can be seen that both the fill factor and the efficiency of the
cell is very low. By first seeing the extremely non-ideal IV-curve, this is not that
surprising. It can also be seen that the Voc and the Isc varies greatly with scan
rate.

4.3 Photocapacitor measurement

After the individual components had been tested and characterized, they were
combined to form a complete photocapacitor system. For the commercial compo-
nents this meant connecting the solar cell and the supercapacitor in series. For the
fabricated photocapacitors, this meant combining the various types of photovoltaic
electrodes, supercapacitor electrodes, and electrolytes.

The commercial component system are presented first. This is done to first
give a better understanding of how such a system might perform, separated from
non-ideal behaviour. The measurements for the fabricated photocapacitors are
presented afterwards.

4.3.1 Commercial components system

For characterizing the commercial components systems both of the previous tech-
niques were used, in addition to one other. This other technique was a potential
difference technique, that measured the potential between two points in the circuit.
This was done with a differential voltage module, and the ’Logger Pro’ program.
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In the setup, the anode of the supercapacitor was connected to the cathode of
the solar cell. Before each measurement the supercapacitor was emptied of charge
by shorting its two leads. The CV measurements were done with no illumination,
while the IVC measurements where done with the same illumination intensities as
the commercial solar cell. The potential difference technique was used to observe
how the voltage over the capacitor changed with charging and discharging, as well
as how the voltage over the complete system changed in various situation like
fully charged under illumination, fully charged in darkness, and during a short-
circuit discharge. A circuit connection diagram for the photovoltaic system and
the measuring instruments are given in figure 3.4 in chapter 3.

In figure 4.15 below all the measurements done at 88 mW/cm2 illumination
with different scan rates are shown. The supercapacitor was discharged between
each measurement.

Figure 4.15: Commercial solar cell & supercapacitor system, 88mW/cm2 illumi-
nation, 6 different scan rates

One interesting thing that can be observed with these measurement is that
depending on the scan rates, the Voc will change significantly. While measuring,
the current would suddenly start to increase exponentially, before the Voc value
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that was estimated by the program, and continue with a positive current until the
estimated Voc voltage was reached. The slower the scan rate, the earlier this rise
occurred. With the change in Voc as an exception, the Isc and shape of the curve
remained about the same as for the solar cell on its own.

In table 4.8 the calculated photovoltaic parameters from the 88mW/cm2 illu-
mination measurements are presented.

Table 4.8: Photovoltaic cell parameters, Commercial Solar Cell & Supercapacitor
system, 88mW/cm2 illumination.

Photocapacitor Scan Rates, mV/s
cell parameters 5 10 20 30 50 100

Short-Circuit
Current, [mA]

-10.13 -10.12 -10.11 -10.06 -10.02 -10.66

Open-Circuit
Voltage, [V]

0.38 0.56 0.72 0.77 0.88 0.96

Fill Factor 0.72 0.74 0.76 0.77 0.79 0.75
Efficiency, [%] 3.12 4.66 6.16 6.66 7.81 8.67

In the table above a interesting change in the efficiency can be observed. While
the fill factors remain about the same for all the scan rates, the efficiency gets sig-
nificantly reduced with lower scan rates. This reflects what is seen in the graphs,
with the shape of the curve remaining the same, but with decreasing Voc for de-
creasing scan rates. Considering the strange behaviour of these graph, dissimilar
to the normal I-V curve seen for photovoltaic cells, the accuracy of calculated
parameters should to be questioned.

To further investigate the shifting of the Voc, an additional set of IVC measure-
ments were performed. In this test the IVC technique would be run 10 consecutive
times, at 88 mW/cm2 illumination, and with a scan rate of 20mV/s. In the first
measurement the supercapacitor leads where short-circuited with a switch, effec-
tively giving the IV-curve of the solar cell on its on. For the second measurement
the switch was turned off, and remained off for the remaining 9 measurements.
Simultaneous with these measurements, the differential voltage over the super-
capacitor was measured. The anode and the cathode of the differential voltage
module was connected to the anode and the cathode of the supercapacitor, re-
spectively. The complete connection diagram is the one given in figure 3.4. These
two sets of measurements can be seen below in figures 4.16 and 4.17.
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Figure 4.16: Commercial solar cell & supercapacitor system, 88mW/cm2 illumi-
nation, 20 mV/s scan rate, 10 consecutive IVC measurements. The graph shows
the IV-curves of the 10 measurements done.

Figure 4.17: Commercial solar cell & supercapacitor system, 88mW/cm2 illumi-
nation, 20 mV/s scan rate, 10 consecutive measurements. The graph shows the
differential voltage measured done over the supercapacitor, in parallel with the
measurements in figure 4.16. The red lines and lettering marks the time intervals
corresponding to the measurement number.
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These figures and the probable cause for the shifting of the Voc is discussed
further in the next chapter.

In addition to the IVC measurements, a set of CV measurements at no illumi-
nation were done, at the same scan rates. The graph for the 20 mV/s measurement
is shown below in figure 4.18

Figure 4.18: Commercial solar cell & supercapacitor system, no illumination, 20
mV/s scan rate. Cyclic Voltammetry measurement, 5 cycles.

The most interesting features in the figure above is the complete lack of a hys-
teresis, as would normally be observed for a CV measurement of a supercapacitor.
The curve closely resembles the curve seen for the individual solar cell in figure
4.10. A capacitance value could be calculated from this curve using the method as
previously used. However, the calculated value would most certainly by unrelated
to the actual capacitance of the system. What may be the probable cause for this
shape of the curve is covered in the next chapter.
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The last test that was performed on the commercial component system was
the charging and discharging of the supercapacitor, over the complete system.
Discharging of the supercapacitor was done previously, but then by always shorting
the two leads directly from the supercapacitor. These direct connections would not
be accessible in a fabricated photocapacitor system, and this method of discharging
would be unavailable.

To charge the system, the anode from the solar cell and the cathode from the
supercapacitor had to be connected to each other, short-circuiting the system. This
was done during 88 mW/cm2 illumination. The supercapacitor was completely
filled when the potential over the supercapacitor was equal, but with opposite
sign, to the Voc of the solar cell. The open-circuit voltage over the total system
was zero. The charging mechanics of the system is discussed in more detail in the
next chapter. To measure the charging and discharging, the voltage was measured
over the supercapacitors. This measured charging is shown in figure 4.19 below.

Figure 4.19: Commercial solar cell & supercapacitor system, charging curve, 88
mW/cm2 illumination.

The curve was seen to stabilize at around -1.06 V, after about 140 seconds. Us-
ing equation (2.21) for the total energy stored in the supercapacitor, and dividing
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by the charging time, the power of the charging could be calculated. Assuming a
capacitance of 1 F, the power was calculated to be about 4mW. With a 88mW/cm2

illumination, the total efficiency of the system was calculated to be 4.3%.

The discharging was initiated by turning off the light source, so there were no
illumination of the solar cell, and then short-circuiting the complete system again.
The discharge curve is shown below in figure 4.20

Figure 4.20: Commercial solar cell & supercapacitor system, SC discharge curve.

Looking at the time scale on the discharge, it can be seen that the discharging
of the cell was extremely slow. Starting at around -1.06 V, the voltage was still at
around -0.3 V after 2 hours.

4.3.2 Fabricated photocapacitor

As was mentioned in section 4.2.2, the photovoltaic electrodes made of nano-silicon
did not show any significant photovoltaic properties. As for the LiPF6-electrolyte,
this was primarily intended to be used with this electrode. The electrolyte was
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tested in use with the DSSCs, but though photovoltaic properties were seen, the
dye molecules in the cell quickly deteriorated, bleaching the cell completely.

As a result of these observations, the final characterizations were done a bit
asymmetric. There were two final types of DSSCs that were characterized. These
were cells with DSSC photovoltaic electrodes, I−/I−3 -electrolyte, and nano-carbon
or nano-carbon w/ MWNTs supercapacitor electrodes, respectively. These were
tested for both photovoltaic and capacitive properties. There were also two types of
photocapacitor devices with nano-silicon photovoltaic electrode, LiPF6-electrolyte,
and nano-carbon or nano-carbon w/ MWNTs supercapacitor electrodes, respec-
tively. These were only tested for capacitive properties. Figure 4.21 below shows
a diagram of the complete fabricated photocapacitors.

Figure 4.21: Diagram of a complete fabricated photocapacitor.

For the testing of photovoltaic and capacitive properties on the fabricated cells,
the same techniques as for the commercial components system were used. For some
of the tests, however, there were a difference in how the measurements were taken.
Unlike in the commercial components system, all the measurements had to be
taken over the complete system. Among others, this cause the discharging curves
to look a bit different. There was also a difference in the stability of the cells. With
the DSSCs, a noticeable degradation could be observed after a relatively short
amount of time. The degradation was most prominent during the time the cells
were illuminated. Consequently, to try to minimize the effect of this degrading,
the cells were only tested at 88 mW/cm2 illumination for the IVC and discharging
measurements, and with no illumination for the CV measurements.
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In the next three sections the photocapacitor cell with the nano-carbon super-
capacitor electrode is presented first, followed by the cell with the nano-carbon w/
MWNTs electrode, and lastly the photocapacitors with nano-silicon electrodes.

4.3.2.1 Photocapacitor with DSSC & nano-carbon electrodes

From the IVC measurements of the photocapacitor with nano-carbon electrode, at
88 mW/cm2 illumination, the 20 mV/s scan rate measurement is presented below
in figure 4.22.

Figure 4.22

Comparing this graph to the one in figure 4.14, many of the same observations
can be seen. The curve quickly rises when entering the fourth quadrant, before
levelling off somewhat. One difference between the two, is that instead of a steady
rise towards the Voc as is seen in figure 4.14, the curve makes a second, seemingly
exponential rise at around 0.03-0.05 V, before leveling off again. This second rise
was observed for all the scan rates.
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The calculated photovoltaic parameters for these IVC measurements are pre-
sented below in table 4.9

Table 4.9: Photovoltaic cell
parameters, Dye-Sensitized Solar Cell with nano-carbon CE, 88mW/cm2 illumi-
nation.

Photocapacitor Scan Rates, mV/s
cell parameters 5 10 20 30 50 100

Short-Circuit
Current, [mA]

-0.32 -0.42 -0.35 -0.43 -0.44 -0.60

Open-Circuit
Voltage, [V]

0.53 0.43 0.25 0.20 0.17 0.19

Fill Factor 0.03 0.02 0.05 0.07 0.11 0.11
Efficiency, [%] 0.0056 0.0038 0.0054 0.0066 0.0090 0.0133

In figure 4.23 below the CV-measurement at 20 mV/s is shown.

Figure 4.23: CV-graph of DSSC with nano-carbon CE, I−/I−3 -electrolyte. 20
mV/s scan rate, 5 cycles.
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The curve in this graph has a similar shape to the the curve in figure 4.18.
One difference is that there is an observable hysteresis. Also, the curve is odd in
relation to the I-axis, instead of there only being an exponential rise in the area
of positive voltage. However, despite the hysteresis, a calculation of the effective
capacitance for this curve would still not likely give an accurate reference to the
actual capacitance of the device.

The cell was charged in a similar matter as the commercial component setup.
The two terminals of the cell was shorted, during illumination, and left till the
supercapacitor was completely charged. This was observed by disconnecting the
two terminals, and measuring the potential to be zero. The discharge however,
was done a bit differently. Instead of turning of the light, the cell was left in
open-circuit condition, with illumination. The discharge curve can be seen below
in figure 4.24.

Figure 4.24: Potential voltage, over a DSSC with nano-carbon CE, I−/I−3 -
electrolyte, 88 mW/cm2 illumination.
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The curve can be observed to slowly rise from zero voltage, towards the Voc
of the solar cell. When the voltage plateaus, the light was shut off, and the drop
in voltage measured. The suspected reason for the discharging during the open-
circuit, illuminated period, is most likely due to a high leakage current caused by
low shunt resistance. An accurate discharge measurement under short-circuited
condition, or with a known external resistance, became difficult because of this
high leakage current.

4.3.2.2 Photocapacitor with DSSC & nano-carbon w/ MWNTs electrode

For the photocapacitor with nano-carbon w/ MWNTs electrode, the same sets
of tests as in the previous section were performed. The IVC measurement at 88
mW/cm2 illumination and 20 mV/s scan rate is presented below in figure 4.25.

Figure 4.25

The curve in this graph is a bit different from the curves in figures 4.14 and 4.22.
It has the same sudden rise as soon as the curve enters the fourth quadrant. The
difference in this curve is observed after this point. The curve levels off sharply,
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and remains quite stable for some time, before a clear exponential rise occur when
the voltage approaches the Voc. In table 4.10 below the calculated photovoltaic
parameters are presented.

Table 4.10: Photovoltaic cell parameters, Dye-Sensitized Solar Cell with nano-
carbon w/ MWNTs CE, 88mW/cm2 illumination.

Photocapacitor Scan Rates, mV/s
cell parameters 5 10 20 30 50 100

Short-Circuit
Current, [mA]

-0.22 -0.45 -0.32 -0.52 -0.54 -0.67

Open-Circuit
Voltage, [V]

0.51 0.50 0.50 0.49 0.49 0.49

Fill Factor 0.21 0.11 0.16 0.10 0.10 0.08
Efficiency, [%] 0.0272 0.0278 0.0287 0.0287 0.0291 0.0291

Though still low, the fill factor and efficiency of this cell can be seen to be much
higher than the ones calculated for the other other two DSSCs.

In figure 4.26 below the CV-curve for the 20 mV/s scan rate measurement is
shown.
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Figure 4.26: CV-graph of DSSC with nano-carbon w/MWNTs CE, I−/I−3 -
electrolyte. 20 mV/s scan rate, 5 cycles.

This curve is very similar to the curve in figure 4.23 for the other type of
fabricated photocapacitor. The curve is odd around the I-axis, and there is a
small but clear hysteresis between the forward and backward cycles. The argument
regarding calculated effective capacitances still holds true here, and the calculation
is withheld.

The charging, and discharging of this type of cell was done in the same fashion
as for the other fabricated cell. The discharge curve is shown below in figure 4.27.
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Figure 4.27: Potential voltage, over a DSSC with nano-carbon w/ MWNTs CE,
I−/I−3 -electrolyte, 88 mW/cm2 illumination.

This curve is very similar in shape to the discharge curve of the other fabricated
photocapacitor, figure 4.24. The discharging of this device is also most likely
caused by a low shunt resistance.

4.3.2.3 Photocapacitors with nano-silicon electrode

For the two types of photocapacitors with nano-silicon photovoltaic electrodes,
only CV measurements were performed. The effective capacitance was also calcu-
lated for these devices. In figures 4.28-4.29 below the CV-curve for the 20 mV/s
scan rate measurements are shown, as well as the calculations in tables 4.11-4.12.
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Figure 4.28: CV-graph of nano-silicon with nano-carbon CE, LiPF6-electrolyte.
20 mV/s scan rate, 5 cycles.

Table 4.11: Effective capacitance of fabricated photocapacitor. Nano-silicon and
nano-carbon electrodes, LiPF6-electrolyte.

Nano-silicon, Scan Rates, [mV/s]
nano-carbon 5 10 20 30 50 100

Effective 0.18 0.141 0.1116 0.0997 0.0832 0.0666
Capacitance, [mF] ± 0.02 ± 0.002 ± 0.0003 ± 0.0003 ± 0.0001 ± 0.0001
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Figure 4.29: CV-graph of nano-silicon with nano-carbon w/MWNTs CE, LiPF6-
electrolyte. 20 mV/s scan rate, 5 cycles.

Table 4.12: Effective capacitance of fabricated photocapacitor. Nano-silicon and
nano-carbon w/MWNTs electrodes, LiPF6-electrolyte.

Nano-silicon, Scan Rates,
ano-carbon [mV/s]
w/MWNTs 5 10 20 30 50 100

Effective 0.47 0.361 0.264 0.2212 0.1785 0.1341
Capacitance, [mF] ± 0.05 ± 0.002 ± 0.002 ± 0.0002 ± 0.0002 ± 0.0005
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Chapter 5

Discussion

In a discussion regarding photocapacitor systems, there are several elements of
the system that are of particular importance, and needs to be looked upon. Some
of these include the general quality of the components, the characterization of
their performance parameters, and the synergy between their specific working
principles. Also of interest is how the charging and discharging mechanisms of an
actual photocapacitor system would happen. All of these will be looked upon. To
starting off, the performance of the commercial component system is evaluated.

5.1 Commercial components photocapacitor system

The commercial components system was comprised of a 1 F supercapacitor, and a
poly-crystalline silicon solar cell. From the testing of the individual components,
the capacitance of the supercapacitor was indeed found to be 1 F, for low scan
rates, and the efficiency of the solar cell was estimated to around 9.7 %. The
components where then connected together, and a number of the same tests were
performed. Some of these tests were inconclusive, because the measurement data
no longer resembled the expected curves or values. The system was also tested
during charging and discharging.

For the charging, the maximum voltage over the supercapacitor and the charg-
ing time was approximated to be -1.06 V and 140 second, respectively. The power
of the charging current was found to be 4 mW, which with a illumination intensity
of 88 mW/cm2, and solar cell light-to-electricity conversion efficiency of 9.7 %,
gave a total light-to-stored-energy efficiency of 4.3 %. Comparing this efficiency to
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the efficiency of the solar cell, the electricity-to-stored-energy efficiency was found
to be 44.3%. These efficiency gives a measure on how well a photocapacitor system
might perform.

The validity of the charging and discharging mechanisms presented in section
2.3.2 is strengthened by look at the discharge curve in figure 4.20. For this dis-
charge the two terminals of the photocapacitor system was short-circuited. The
total series resistance is therefore only the sum of the series resistance of the solar
cell in the dark, and of the supercapacitor. In the figure we see the initial fast
discharge, as the voltage over the supercapacitor is still large enough to drive a
sufficiently large current. However, as the voltage get lower and lower, the drop in
voltage slows down. After two whole hours at short-circuited discharge, the voltage
is only reduced to around 0.3 V, with a drop of only around 0.1 V in the last hour.
In a resistance measurement taken over the complete system, the resistance was
found to be between 1.0-1.4 kΩ, fluxuating greatly. Comparing this relatively high
resistance for a short-circuit discharge to equation (2.36), the long discharge time
could be understood. Since the current that runs through the diode is inversely
proportional to the series resistance, the high resistance measured could give a
very small discharge current, especially when the voltage over the supercapacitor,
VC , gets low.

In the described mechanisms for the charging and discharging of a photocapac-
itor system in 2.3.2, there is an important point to remember. This point is that in
the described system the solar cell is a solid-state device. This will be different to
an electrochemical photocapacitor system, where an electrolyte is involved. How
this difference will affect the charging and discharging of the system is an impor-
tant and necessary point to consider. Next, with the charging and discharging
mechanisms of an electrochemical photocapacitor system in focus, we look at the
synergy between the various parts that makes up such a system.

5.2 Synergy between components in an electrochemical pho-

tocapacitor system

To talk about the synergy, it is useful to first quickly summarize how the various
parts are meant to function.

For the photovoltaic part, its function is to generate an electrical current.
This is done by generating electron-hole pairs through absorption of light. These
charges then needs to be separated by a potential barrier to produce a steady
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electrical current. In electrochemical photovoltaic cells, this barrier comes from
the difference in the Fermi level of the semiconductor material, and the redox
potential of the electrolyte. In a DSSC, this is specificity achieved by oxidizing the
dye, which then injects electrons into the TiO2, and then further into an external
circuit. The oxidized dye needs to be reduced back again to its initial state by
the I−/I−3 -electrolyte. The oxidized species in the electrolyte then needs to be
reduced at the CE, which is connected to the external circuit. A break in any of
these parts of the system, and the current will stop running. [10,20]

For the supercapacitor part, its function is to store the produced electrical
current. This is done by attraction between the ions in the electrolyte, and the
free charge carriers in the electrode. For the current to be stored, however, the
attracted charges do not get to meet, and needs to remain spatially and conduc-
tively separated. For this to remain true, the electrodes needs to be as inert as
possible.

Figure 5.1: Diagram of an electrochemical photocapacitor system.

In figure 5.1 above an idealized circuit diagram of an electrochemical pho-
tocapacitor system is shown. The system is being charged under short-circuit
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condition, and all the parts are functioning properly. In a real electrochemical
photocapacitor, however, this is most likely not the case.

5.2.1 Reactivity between the electrodes and the electrolyte

From the quick summaries, two of the important requirements for proper function-
ality are contradictory to each other. These requirements are the ones regarding
the reactions between the electrodes and the electrolyte. For a electrochemical
photovoltaic cell, like the DSSC, to function properly, there should be as much
reactivity between free charge carriers in the electrodes and the ions in the elec-
trolyte as possible. For a supercapacitor, the opposite is true. As little reactivity
as possible is desired. How these different requirements affect a photocapacitor
system, are of crucial importance.

In this project there were primarily two different setups for photocapacitor
systems that were looked at. One was the system with a DSSC photovoltaic
electrode, with nano-textured carbon counter electrodes. The other was the system
with a nano-textured silicon photovoltaic electrode, with nano-textured carbon
counter electrodes. The last setup was based on the work presented by Lo et al.
in their 2010 paper. [33].

In testing the different types of system, a few things were observed. For the
DSSC system, a clear photovoltaic response was seen. When the cell was illumi-
nated, a light-generated current could clearly be measured. For the charging of
the photocapacitor system, however, the results were less than ideal. When the
cells were short-circuit charged in the same manner as the commercial component
system were, a certain build up of charge could be observed, by the shift in the
voltage over the cell. This shift was very slight, however, and if the short-circuit
connection was broken, the voltage quickly increased back to the open-circuit volt-
age of the DSSC. This would most likely indicate that the small amount of charge
stored at the electrodes quickly reacted with each other, and recombined. For the
nano-silicon system, no photovoltaic respond was observed.

That the stored charge on the DSSC system quickly recombined is perhaps not
that surprising. In DSSC reported in the literature, both of the electrodes are
usually optimized for reactivity. The TiO2 electrode is dyed with a dye molecule
that is highly reactive with the chosen electrolyte [20]. The CE used are often
current collectors with high conductivity, like gold or platinum [40,43]. In the few
articles that report the creation of photocapacitor-like devices, devices that can
both generate and store the electric charge, a slight detail can be noted. This is
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that non of the devices use both an electrochemical photovoltaic electrode, and a
supercapacitor electrode, in a 2-electrode setup. In the Lo et al. paper, the charge
separation seems to be achieved by a solid-state junction between the nano-silicon
and the ITO-current collector [33]. In a later paper by the same group, they had
created a device with a DSSC, but with the a traditional parallel plate capacitor
with a PVDF film as a dielectric [24]. They also used a third ”quasi”-electrode
to keep a current running in the circuit. In a third system, like the one presented
by Yang et al., both a DSSC electrode was used, and a supercapacitor [49]. In
this device, however, the photovoltaic part and the supercapacitor parts were
separated, and a three-electrode setup was used. To charge and discharge the
system, different leads had to be switched. This in turns limits the potential
benefits from a two-electrode photocapacitor, in terms of efficiency in size and
resistive loss.

From the results, and the literature, a clear indication on the conflicts for
reactivity - non-reactivity between electrochemical photovoltaic cells and superca-
pacitors is seen. This conflict is a very probable cause for the poor energy storing
results seen.

5.2.2 Total capacitance in an electrochemical photocapacitor

Another topic regarding the synergy between components is the total capacitance
of the device. As was shown in section 2.1.3, the total capacitance for a super-
capacitor is a function of the capacitance for each of the two electrodes. It was
also shown that when the two capacitances are dissimilar, it is the lowest of the
two that has the greatest impact on the total capacitance. What this could mean
is that the contribution to the total capacitance from an optimally constructed
supercapacitor electrode could be negligible. The total capacitance would still
largely be dependent on the capacitance of the photovoltaic electrode.

For the DSSCs, the specific surface area of these electrodes would likely be
quite large, as they are constructed from nano-structured TiO2. However, the
other important factors for a high capacitance pose big problems. The perhaps
biggest of these problems is the requirement for the ions in the electrolyte and the
free-charge carriers in the electrodes to be non-reactive. In DSSCs, the TiO2 are
coated in dye molecules that serves the exact opposite purpose, as they are highly
reactive with the electrolyte. Because of this no electrochemical double layer will
form, and despite the large surface area of TiO2, no significant capacitance. This
in turn makes the total capacitance negligibly small. The DSSC electrode will not
be available for energy storage, and consequently, neither will the photocapacitor
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device.

This is different for the nano-silicon photovoltaic electrode. This electrode is
also nano-structured, as can be seen in figure 4.12, which will give a large surface
area. Unlike the DSSC, the surface will not be highly reactive with the electrolyte,
meaning an electrochemical double layer could form. From the photocapacitors
that were fabricated in this project, two types with nano-silicon and nano-carbon
electrodes were tested using the CV technique. The measurement curves for these
devices showed a noticeable hysteresis, indicating a decent capacitance value. An
estimation on the capacitance value for the nano-silicon electrode can be made,
using equation (2.12), and the effective capacitances of the nano-carbon superca-
pacitors in section 4.1.2;

1

Ctotal

=
1

Ccarbon

+
1

Csilicon

(5.1)

Using the capacitances for the 5 mV/s measurements from tables 4.5 and 4.12,
the calculation is as follows. For the supercapacitor, the electrodes are identical,
and assumed to have the same capacitance. Their capacitance is then given as

Ccarbon = 2 · Ctotal = 2 · 4.0mF = 8.0mF (5.2)

This value is one of the two capacitances in equation (5.1), with the capacitance
of the nano-silicon electrode being the other. The total capacitance is the value
given in table 4.12. Rearranging with regard to the nano-silicon capacitance, we
get

Csilicon =
Ccarbon · Ctotal

Ccarbon − Ctotal

=
8.0mF · 0.47mF

8.0mF − 0.47mF
= 5.0mF (5.3)

From this, we can see that the surface of the nano-silicon electrode can hold
a decent amount of charge. This would also mean that this type of photovoltaic
electrode could be used in photocapacitor device, unlike the DSSC electrode.

5.2.3 The power of the energy in an electrochemical photocapacitor

A third topic regarding the synergy between the components is the power of the
stored energy, when discharging the system. As was seen in the first section of this
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chapter, the discharge current of the supercapacitor will be strongly influenced by
the voltage over the solar cell diode, and the equivalent series resistance of the
circuit. To get a fast discharge, the voltage over the diode must be over a certain
value, known as the turn-on-voltage. When the voltage over the diode starts to
decrease, the rest of the energy is only accessible at a lower power. Also, if the
equivalent series resistance is high, the voltage over the diode will be significantly
lowered, further lowering the power. [12]

From this, we can see that to have a photocapacitor system with a high dis-
charge power, the voltage over the supercapacitor part should also be high. In a
real photocapacitor system, however, there are some immediate limitations. The
first of these are the voltage over the system. The voltage over a self-charging
system is limited to the height of the open-circuit voltage of the photovoltaic part.
For the tested commercial solar cell this value was 1.06 V, and for the fabricated
DSSC cells, around 0.5 volt.

The second limitation, is the turn-on-voltage of the diode. This voltage will
vary some, depending on parameters like the equivalent series resistance of the
circuit, and the temperature. It will, however, typically be at a voltage near the
open-circuit voltage of the solar cell under illumination. The more ideal the solar
cell, the closer the turn-on-voltage will lie. This could mean that with an ideal
solar cell, only the energy stored past the turn-on-voltage could be utilized at a
decent rate.

In this regard, there is another relation to remember. This is the relation
between the total energy stored in a supercapacitor, and the voltage over it, as
seen in equation (2.21) in chapter 2;

Etotal =
1

2
CV 2 (5.4)

From the equation, it can be seen that the total energy stored increases with
the square of the voltage. This means that a major part of the stored energy in a
supercapacitor will be stored at the higher voltages. This also means that during
a discharge of a photocapacitor system, the initial discharge with high power, will
also count for most of the stored energy. This can be shown by looking at figure
4.20, the short-circuit discharge curve for the commercial components system. In
this curve, the voltage starts at -1.06 V, and drops down to around -0.55 V after
the first 1000 seconds of the 2 hour discharge. Using equation (5.4), and assuming
a capacitance of 1 F for the supercapacitor, the energy in this voltage interval can
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be calculated

E[−0.55,−1.06] =
1F

2
· {(−1.06V )2 − (−0.55V )2} = 0.41J (5.5)

This energy can then be compared to the total energy stored in the superca-
pacitor

E[−0.55,−1.06]

Etotal

=
0.41J

0.5F · (−1.06V )2
= 0.73 (5.6)

From this calculation it can be seen that though the discharge power of the
photocapacitor system drops significantly with decreasing voltage, a major portion
of the stored energy will still be available at a high power.

5.3 The photocapacitor systems’ respond to typical charac-

terization techniques

In the testing there were primarily two techniques used, namely the cyclic voltam-
metry (CV) technique and the I-V curve (IVC) technique. Both of these are
extremely useful for characterizing supercapacitors and photovoltaic devices on
their own. However, when they were used on a photocapacitor system, they both
started exhibiting some strange behaviour.

5.3.1 Cyclic voltammetry measurements on photocapacitor system

For the CV, this took the form of cycling curves with little or no hysteresis, even
though a functioning supercapacitor was known to be connected in the system.
Instead of the square curve that is seen in an ideal supercapacitor, the curve
resembled the I-V curve of a diode with only a very low current running until a
turn-on-voltage is reached. These curves are shown in figures 4.18, 4.23 and 4.26,
which are the CV measurements done on three of the types of photocapacitor
systems that were tested. The curves for the fabricated solar cells can also be
seen acting like an odd function, as the turn-on-voltage happen at both positive
and negative voltages, with positive and negative currents, respectively. With the
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characteristic I-V curve for a diode as a clue, the reason for this behaviour is
probably not too hard to deduce.

Most likely, the diode behaviour of the photovoltaic component in the system,
that was not illuminated, restricted the availability for the current to run through
the circuit, and fill up the supercapacitor. In a CV measurement on just a super-
capacitor, the voltage over the component is controlled, and the current that is
generated when electrical charge builds up on the electrodes is free to move. It
is this current response that is crucial in determining the capacitance of the pho-
tocapacitor. However, when the flow of charge is restricted, this current response
is mostly lost. This means that though effective on individual supercapacitors,
the CV-measurement technique is no longer a viable method for determining the
capacitance of the photocapacitor system.

5.3.2 I-V curve measurements on photocapacitor system

For the IVC technique, the strange behaviour was observed when the open-circuit
voltage of the photovoltaic component was measured to be lower than the predicted
value. How far off the measured value was from the predicted one was also observed
to be heavily influenced by the scan rate, as was shown in figure 4.15. The most
likely reason for the change in the measured Voc is that while the IVC measurement
is running, the supercapacitor gradually charges up. As this charging occur an
electrical potential starts building up, with opposite direction to the Voc. Then, at
some point during the IVC measurement, the applied voltage over the system is
equal to the actual Voc of the photovoltaic component, minus the built-up voltage
over the supercapacitor, VC :

Voc,measured = Voc,actual − VC .

The program will then register this as the Voc, but will continue until the
estimated Voc is reached. The value of estimated, actual Voc is done at the very
start of the program, and will therefore be higher than the measured value. As for
the shifts dependence on the scan rate, this is easily explained. With a slower scan
rate, the time one measurement takes will be longer. This also means that the
current that runs through the circuit will run for a longer time. With the relation
between current and charge, I = dq

dt
, this means that more charge will have flowed

into the supercapacitor, charging it more, and subsequently building up a higher
VC . When several IVC measurements are taken in a row, without discharging the
supercapacitor between each measurement, the voltage will just keep building up

101



until the supercapacitor is full. This gradual charging is seen in figures 4.16-4.17.
In these figures it can also be seen that during the periods where the controlled
voltage is over the measured Voc, the current is positive, and the supercapacitor
starts discharging.

5.4 The effect of non-ideal behaviour

In this last section, the effect of non-ideal behaviours in the various parts of the
photocapacitor system will be discussed. Many of these behaviours were observed
during the characterization of the fabricated cells, and their quality will also be
discussed.

In photovoltaic and supercapacitor circuits there are two parameters in partic-
ular that have a great influence on the quality of the cell. These are the shunt and
series resistances of the circuits, Rsh and Rs, respectively. Ideally, Rsh should be
as large as possible, while Rs should be as small as possible. If these parameters do
not have ideal values, the whole system will quickly exhibit non-ideal behaviour.

The reason for the Rs to be as low as possible is easily shown. The Rs is a
resistance in the circuit the current have to pass through. By relating Rs to the
current in the system, the loss in power over the resistance can be expressed [28];

P = Rs · I2 (5.7)

From this equation it is seen that to have as little loss of efficiency as possible,
the Rs in the system should be as low as possible. The reason for the Rsh to be as
high as possible follows directly from Kirchhoff’s circuit laws. Rsh is the electrical
resistance of an alternative pathway in the circuit, bypassing the preferred route.
By making sure that Rsh is as large as possible, only a small fraction of the
total current will run through this circuit. If Rsh becomes to small, an increasing
percentage of the current will run through this pathway, and there will be a loss in
efficiency, same as for the series resistance. The consequences of both a high Rs and
a low Rsh were seen in the measurements of both of the fabricated photocapacitor
systems, but also in the individual components on their own. Since it is clear that
there are both shunt and series resistances in both of the components on their
own, an equivalent circuit diagram can be made to display these, in the complete
photocapacitor system:
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Figure 5.2: Equivalent circuit diagram of the photocapacitor system.

In this figure, there are two sets of shunt and series resistances, one for the
photovoltaic electrode, and one for the supercapacitor electrode. These are labelled
Rsh,PV and Rs,PV , and Rsh,C and Rs,C , respectively. Between these two sets there
is another series resistance, RE, which is the electrical resistance of the electrolyte.
In the next two sections, each of the two sets of shunt and series resistances will
be looked at, starting with the ones for the photovoltaic electrode.

5.4.0.1 Shunt and series resistance in the photovoltaic electrode

To get a proper understanding of how the shunt and series resistances influence
the photovoltaic electrode, it is useful to look at the equation for a photovoltaic
cell where these are included, equation (2.33);

I = I0

[
exp

q(V −Rs · I)

mkBT
− 1

]
− Iph +

V −Rs · I
Rsh

For the shunt resistance, its effect on the system can be seen in the last term on
the right side of the equation. In this term, the shunt resistance is the denominator,
and when the voltage over the cell is zero the term will have little impact on
the total current. This changes as soon as the voltage starts to increase, and
the term will have an increasing positive value. The positive value means that
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its contribution to the total current goes in the opposite direction to the light-
generating current. As the voltage increases further, the total current will get even
lower, partially because the part that lowers the effect of the increasing voltage,
Rs · I, will get smaller as well. If the shunt resistance of the cell is very large, the
denominator of this term will be very large, and the effect of increasing voltage
will be reduced. If the shunt resistance is very small, however, the denominator
will be very small, and an increasing voltage will have a great impact on the total
current.

While the effect of the shunt resistance is most prominent around the Isc, the
series resistance will mostly affect the IV-curve close to the Voc. As seen from the
equation, its contribution is in the exponential term. If the series resistance is very
low, the slope of this term will be very steep as the voltage approaches Voc. If the
series resistance is very large, however, the slope will be much flatter. This will
cause the photovoltaic cell to deviate further from the ideal, square curve, and the
efficiency will be reduced. In addition to the effect on the slope of the exponential
expression, the series resistance will also affect the impact of the shunt resistance
in the system. This is seen in the same term of the equation. From this term it
is seen that a higher series resistance will actually counteract the effect of a low
shunt resistance.

From knowing how the shunt and series resistance affect the photovoltaic sys-
tem, the quality of the fabricated photovoltaic components can be evaluated. As
was commented in chapter 4, the curves for the IVC measurements of the fab-
ricated cells starts off at a higher short-circuit current, which then drop down
extremely fast once the voltage over the cell starts increasing. This sudden drop
is a clear indication that the shunt resistance is much lower than it ideally should
be. This view is reinforced by looking at the SEM-image of the DSSC electrode,
figure 4.13. In this image it can be seen that there are a considerable amount of
cracking in the TiO2 film. In these cracks the electrolyte can make direct contact
with the underlying ITO-slide, causing a low shunt resistance. To increase the
shunt resistance, the fabrication procedure should be revised to find a method
that gives a more uniform film with fewer cracks. In this regard, an interesting
observation was made during the fabrication of the DSSC electrode. The degree
of macroscopic cracking and flaking of the TiO2-film was related to the thickness
of the masking tape. A thinner tape gave a film with fewer visible cracks. For
the series resistance, a difference can be observed between the ones with MWNTs
added, and the ones without. One of the reasons for adding the MWNTs was
to increase the conductivity of the film, which is proposed several times in the
literature [44]. From the IV-curves, this addition seems to have contributed to
a lower series resistance. From the IVC measurement of the cell with MWNTs,
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the curve have a steep exponential rise when the voltage approaches Voc. This
same steep rise is not observed in the cell without MWNTs. In this curve, after
the current levels off, it simply rises steadily towards the Voc. A difference in the
second relation for the series resistance is also observed in these curves. For the
cell with MWNTs, the current increases extremely fast from the Isc value, and
settles almost immediately at around -0,1 mA. For the cell without MWNTs, this
initial rise from the Isc value happens slower.

5.4.0.2 Shunt and series resistance in supercapacitors

In supercapacitor systems, the effect of non-ideal shunt and series resistances be-
come apparent in slightly different areas.

For the series resistance, this area is the CV curve. When there is a consid-
erable amount of series resistance in a supercapacitor the CV curve will become
slanted, and deviate from the ideal, square curve with constant currents. The
series resistance will probably not reduce the capacitance of the supercapacitor
much, in and of itself, but there will be a loss in efficiency, equation (5.7). The
energy lost over the resistance would be transformed into thermal energy, which
if not dissipated fast enough would raise the temperature of the cell. A raise in
temperature would increase the Debye length of the electrochemical double-layers,
and that would in turn reduce the capacitance.

For the shunt resistance, the height of this parameter become apparent when
looking at the stability of the charge retention. Looking at figure 5.2 for the
supercapacitor part, the capacitor and the shunt resistance form a closed circuit.
If the shunt resistance is very large, little or no charge will move through this
circuit. This will enable the supercapacitor to retain the stored charge for a long
period of time, when under open-circuit condition. If the shunt resistance is very
small, however, there will be a large leakage current through the shunt resistance,
and the stored energy will quickly be lost as heat. It will also reduce the charging
efficiency of the device, as a lesser percentage of the total current is actually stored.

In the supercapacitor parts of the fabricated cells, the shunt and series resis-
tances are most likely too small and too large, respectively. From the CV curves of
the devices, a significant slant of the curves are observed, indicating a large series
resistance. A large portion of this resistance probably comes from the ITO-slide.
This is observed by doing resistance measurements over the complete devices. The
resistance typically lies between 60-100 Ω, which is about the listed resistance of
the ITO-slides. A too small shunt resistance is observed in how fast the fabri-
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cated cells discharge during open-circuit conditions. Right after the cells are fully
charged and disconnected from short-circuit condition, a large voltage change is
observed, as shown in figures 4.24 and 4.27. After a time period of just around 2
minutes, the voltage over the cells is about equal to the open-circuit voltage of the
photovoltaic component, indicating that the supercapacitor is almost completely
discharged. Because of this fast self-discharge, measuring the discharging of the
photocapacitor over an external circuit became difficult. This also made it difficult
to determine the effective capacitance, considering that the CV measurements also
gave inaccurate results.

5.4.1 Lifetime of the devices

One last thing regarding non-ideal behaviour, is the lifetime of the fabricated de-
vices. Ideally, all chemical reactions that occur should be as reversible as possible,
to promote a long lifetime.

In the supercapacitor parts, no chemical reactions should occur, yielding an
even longer lifetime. When fabricating the supercapacitor electrodes, one alterna-
tive to the ITO-slide that was tested was steel foil. As a current collector it would
have had a much smaller series resistance, giving a higher efficiency. There were a
few major problems, however. The first problem was the uneven surface area. This
made it difficult to apply an even film. The second and much bigger problem was
that the electrolyte made contact with the steel through the shunt pathways. The
electrolytes proved to be very corrosive, almost immediately corroding the steel.
This corrosion also showed up as redox peaks in the CV measurements. Because
of this, these types of cells had a very limited lifetime. This is also the reason the
ITO-slides were ultimately used. Though having a much higher series resistance,
they were much more resilient against the corrosive properties of the electrolyte.

In the DSSC parts, the chemical reactions are a necessity for proper function-
ality. This means that to ensure a long lifetime, the dye molecules in particular
should remain stable through consecutive cycles of oxidation and reduction. In the
fabricated cells, a noticeable degree of bleaching of the DSSC was unfortunately
observed after just a short period of time. With this bleaching a noticeable drop
in Voc and Isc followed. What might be the cause of this bleaching, is hard to tell.
One possibility is that the dye molecules were not properly bonded to the sur-
face of the TiO2. Another possibility is that the presence of impurities promoted
irreversible reactions with the dye molecules.

106



Chapter 6

Conclusion

For the commercial component supercapacitor system, a proposed charging and
discharging mechanism was found to fit with experimental data. Because of the
diode nature of the solar cell, the drop in voltage over the device during SC dis-
charge happened very slowly. A large portion of the stored energy could be ac-
cessed at a decent power, however. The system was able to both generate and
store electrical energy from light. It showed efficiencies of 4.3% and 44.3% for
light-to-stored-energy and electricity-to-stored-energy conversion, respectively.

From the testing of the fabricated photocapacitor devices, poor photocapacitive
properties was observed for both of the two main types tested. For the DSSC type
photocapacitor, photovoltaic properties where observed, and measured to have a
Voc of about 0.5 V, and a Isc of around -0.5 to -0.2 A. It showed little promise
in energy storage, however, because of the highly reactive electrodes. Because of
this, it failed on one half of a photocapacitor systems properties. For the silicon
type photocapacitor, a significant capacitance could be measured. With both
nano-carbon and nano-carbon w/MWNTs added as CE, an effective capacitance
for the device was calculated to 0.18 mF and 0.47 mF, respectively. It did not
show photovoltaic properties, however, and therefore failed the other half of a
photococapacitor systems properties.

Some typical characterization techniques gave inconclusive data when being
used on the photocapacitor system. The CV measurement failed when there was
a significant photovoltaic response in the system. The IVC measurement give
inaccurate measurement of the photovoltaic properties of the system, because of
a partial filling of the supercapacitor component during the measurement. This
lowered the measured open-circuit voltage.
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Appendix 1 - Summary Tables

Instruments, chemicals and computer programs - Summary ta-

bles

A variety of instruments, chemicals and computer programs were used in the fabri-
cation and testing of the photocapacitor cells. These are given in summary tables
below.

Table 1: Computer programs

Program name Version
EC-Lab 10.19

Logger Pro 3.8.6
MATLab R2015a

LibreOffice Calc 4.2.8.2
Texmaker 4.1
MS Paint 6.1

GIMP 2.8.10
MS Windows OS 7 - Home Premium
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Table 2: Instruments

Instrument name Manufacturer
OSL1-EC - High Intensity Thorlabs, Inc.

Fiber Light Source with CE-Mark
ABT 220-4M Kern

CPA Analytical Balance CPA324S Sartorius
CB160 Hotplate Stuart

KC3 Ultrasonic Cleaning Bath Kerry, Guyson
B3510 Ultrasonic Cleaner Branson

OPTIPLEX 990 w/ MS Windows DELL
SP-50 Potentiostat Bio-Logic

LabQuest Mini Vernier
Differential Voltage Probe Vernier

HM8118 LCR Bridge/Meter Rohde & Schwarz
Raith eLine Raith
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Table 3: Chemicals

Name and description Manufactorer
Carbon, nanopowder, Aldrich
< 50 nm particle size

Carbon nanotube, multi-walled Aldrich
Silicon, nanopowder, Aldrich
< 100 nm particle size

Titanium(IV) oxide, nanopowder, Aldrich
21 nm particle size

Titanium(IV) isopropoxide, 97% Aldrich
Poly(vinylidene fluoride) Aldrich

Tetrahydrofuran, anhydrous, Sigma-Aldrich
≥ 99.9%, inhibitor free

Eosin Y, Dye content 99% Sigma-Aldrich
Iodine solution, volumetric, 0.05M I2 Fluka

Potassium iodide, Sigma-Aldrich
ACS reagent, ≥ 99.0%
Ethylene glycol, 99+%, Sigma-Aldrich

spectrophotometric grade
Lithium hexafluorophosphate, Aldrich

battery grade,
≥ 99.99% trace metals basis

Indium tin oxide Aldrich
coated glass slides, 8-12Ω/sq

surface resistivity
Indium tin oxide Aldrich

coated glass slide, square,
surface resistivity 30-60Ω/sq

Ethanol Sigma-Aldrich
Deionized water
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Appendix 2 - MATLab programs

Calculate effective capacitance

f unc t i on cv out=f i nd capa c i t an c e ( cv in , s can rate , c y c l e s i n )
num cycles = c y c l e s i n ;
vo l tage = cv in ( 1 : end , 3 ) ;
cur rent = cv in ( 1 : end , 4 ) ;
c y c l e = cv in ( 1 : end , 5 ) ;
power = vo l tage .∗ cur rent ;

h y s t e r e s i s a r e a p o s = ze ro s ( c y c l e s i n , 1 ) ;
h y s t e r e s i s a r e a n e g = ze ro s ( c y c l e s i n , 1 ) ;

f o r i = ( 1 : ( l ength ( vo l tage )−1))
f o r j = ( 1 : c y c l e s i n )

i f j == cyc l e ( i )
i f vo l tage ( i ) > 0

hy s t e r e s i s a r e a p o s ( j ) = ( h y s t e r e s i s a r e a p o s ( j )
+ trapz ( vo l tage ( i : ( i +1)) , power ( i : ( i +1) ) ) ) ;

end
i f 0 > vo l tage ( i )

h y s t e r e s i s a r e a n e g ( j ) = ( hy s t e r e s i s a r e a n e g ( j )
+ trapz ( vo l tage ( i : ( i +1)) , power ( i : ( i +1) ) ) ) ;

end
end

end
end

en e r gy t o t a l = ze ro s ( c y c l e s i n , 1 ) ;
c a p a c i t a n c e e f f e c t i v e = ze ro s ( c y c l e s i n , 1 ) ;

f o r i = ( 1 : c y c l e s i n )
en e r gy t o t a l ( i )=( h y s t e r e s i s a r e a p o s ( i )−hy s t e r e s i s a r e a n e g ( i ) )/ s c an ra t e ;
c a p a c i t a n c e e f f e c t i v e ( i ) = ( ( en e r gy t o t a l ( i ) ∗ 2 ) / ( 0 . 5 ) . ˆ 2 ) / 4 ;

end

capac i tance out = [mean( c a p a c i t a n c e e f f e c t i v e ) , std ( c a p a c i t a n c e e f f e c t i v e ) ] ;

cv out = capac i tance out ;
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Calculate photovoltaic parameters

f unc t i on [ out params ] = f ind photovo l t a i c pa rams ( in matr ix , i n r ad i a t i on powe r )
V vec = in matr ix ( 1 : end , 1 ) ;
I v e c = in matr ix ( 1 : end , 2 ) ;

max out loc = max po int funct ion (V vec , I v e c ) ;
V max = V vec ( max out loc ) ;
I max = I ve c ( max out loc ) ;
P max = abs (V max∗ I max ) ;

I s c l o c = i n t e r s e c t p o i n t ( V vec ) ;
I s c = I v e c ( I s c l o c ) ;

V oc loc = i n t e r s e c t p o i n t ( I v e c ) ;
V oc = V vec ( V oc loc ) ;

FF = abs ( (P max )/( I s c ∗V oc ) ) ;

e f f i c i e n c y = (P max )/( i n r ad i a t i on powe r ∗ 1 . 0 5 ) ;
out params = [ I s c , V oc , P max , I max , V max , FF, e f f i c i e n c y ] ;

end

func t i on [ max loc ] = max po int funct ion ( v in 1 , v i n 2 )
n = length ( v i n 1 ) ;
max value = − i n f ;
f o r i = 1 : n ;

i f v i n 1 ( i )>0 & v in 2 ( i )<0
i f abs ( v i n 1 ( i )∗ v i n 2 ( i ) ) > max value
max value = abs ( v i n 1 ( i )∗ v i n 2 ( i ) ) ;
max loc = i ;
end

end
end

end
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