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Abstract 

The growing energy demand of humankind and the concern about climate 
change require rethinking how energy is provided, both on a macroscopic scale 
and a microscopic one, e.g. for distributed electronics. For the latter, a 
promising approach is to use energy harvesting from ambient sources such as 
light. Energy harvesting needs intermediate energy storage, such as a 
supercapacitor or a battery. In contrast to batteries, which store electrical 
energy chemically, energy is stored in the electric field at the interface between 
electrode and electrolyte in supercapacitors. Supercapacitors are promising 
energy storage due to potentially non-toxic materials and longer cycle life 
compared to batteries. By using printing processes, we can fabricate flexible 
supercapacitors suitable for Internet of Things purposes. 

The goal of the research in this thesis is to develop an environmentally 
friendly, printable, and flexible energy source for distributed electronics. One 
focus on the path to this goal is the fabrication and study of flexible printed 
supercapacitors using novel methods, materials, and architectures with a target 
of improved performance and manufacturability. Monolithically fabricated 
supercapacitors were improved by a novel composite made from chitosan and 
micro-fibrillated cellulose, used as a printable separator in aqueous 
supercapacitors. The electrical performance of the devices was improved to a 
level comparable with laminated supercapacitors while maintaining the 
advantages of monolithic supercapacitors for manufacturing and system 
integration. We also studied current collectors made from graphite foil and 
aluminum coated with graphite inks for flexible supercapacitors when low 
equivalent series resistance (ESR) is required. The ESR decreased by more than 
80 % compared to devices using graphite ink alone. The use of a dense graphite 
protective layer on top of aluminum prevented corrosion, and the 
supercapacitors' performance was stable for at least 950 days. 

The second focus of the research was integrating monolithic printed 
supercapacitor modules and flexible photovoltaic modules onto a single 
substrate to provide a monolithic energy module for energy-autonomous, low-
power Internet of Things devices. The energy module comprised a flexible 
organic series-connected photovoltaic module and a series-connected 
supercapacitor module. Indoor light was sufficient for the Photovoltaic  (PV) 
module to charge the supercapacitors to a level that can drive low-power 
wireless sensor nodes when there is no external energy input, e.g. overnight. 

The last part of the thesis aims to improve long-term indoor light harvesting 
by investigating new materials that can be used in PV modules. This work is 
related to dye-sensitized solar cells and looks at novel inorganic-organic hybrid 
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systems. To understand and use novel materials in dye solar cells, it is necessary 
to understand the photo-induced energy and charge transfer processes in the 
materials. To achieve such an understanding, precise optical spectroscopy tools 
are needed, such as steady-state and time-resolved spectroscopic methods. The 
last part of the thesis reports a detailed study of photo-induced processes 
between an organic material, a novel phthalocyanine,  and an inorganic 
semiconductor quantum dot. The study confirmed hole transfer from the 
quantum dot valence band to the phthalocyanine highest occupied molecular 
orbital after photo-excitation of quantum dots. The studied materials can be 
used potentially for making solar cells. 
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Svensk resume 

Avhandlingens huvudtema handlar om möjliggörande av autonoma 
energilösningar för distribuerade sensorlösningar i ”alltings internet” (från 
engelskans Internet of things, IoT). Avhandlingen, som består av fyra 
publikationer, visar på olika sätt hur vi kan utvinna och lagra energi med hjälp 
av komponenter som tillverkas med trycktekniker. 

De två första publikationen behandlar förbättrade egenskaper i tryckta 
superkondensatorer. Superkondensatorer är lovande komponenter för 
korttidslagring av energi tack vare användning av icke-giftiga material och 
bättre livscykel i förhållande till batterier. I den första artikeln rapporteras ett 
nytt material – och processkoncept för monolitisk tillverkning av 
superkondensatorer som ger minimala elektriska förluster. Monolitiska 
superkondensatorer har fördelar som snabb och enkel tillverkning och 
förbättrad systemintegration i förhållande till laminerade kondensatorer. 
Tidiga komponenter uppvisade vissa nackdelar i form av ökad ekvivalent 
serieresistans (equivalent series resistance, ESR) och läckströmmar. I artikeln 
visar vi hur man kan tillverka en monolitisk superkondensator med hjälp av ett 
komposterbart membran som är gjort av ett tryckbart kompositmaterial gjord 
av en blandning av kitosan och mikrofibrillerad cellulosa och som uppvisar 
egenskaper likt de laminerade. 

I den andra artikeln tillverkades miljövänliga och flexibla 
superkondensatorer med reducerat ESR med hjälp av en aluminiumbaserad 
strömkollektor som skyddas av en grafitfolie överstruket med ett kompakt 
grafitbläck. Dessa förbättrade strömkollektorer minskade ESR med 80% i 
förhållande till användningen av endast grafitbläck. Vidare kunde vi visa att 
korrosion i kollektorn förhindrades av det kompakta grafitlagret och ledde till 
stabila operation i mera än 950 dagar. 

Avhandlingens andra tema är integrering av flexibla solcellsmoduler med 
tryckta, monolitiska superkondensatormoduler för energisnåla autonoma 
komponenter. Vi kunde visa att solcellsmodulen kunde förse en seriekopplad 
superkondensator med tillräcklig energi från inomhusbelysning för att 
potentiellt kunna fungera som en energikälla för trådlösa sensorer i flera dagar. 

Avhandlingens sista tema handlar om förbättrad tillvaratagning av 
solenergi. Vi har studerat fotoinducerad energi- och och elektronöverföring 
mellan lågdimensionella havledarstrukturer (kvantpunkter) och substituerade 
phtalocyaniner. Med hjälp av fotoelektrokemiska och noggranna optiska 
mätningar har vi kunnat påvisa att en exciterad kvantpunkt kan överföra ett 
elektronhål till den organiska acceptorn. Dessa materialsystem kan bli 
potentiella fotovoltaiska system i framtiden. 



viii 

 
  



ix 

Table of contents 

Acknowledgements .................................................................................................................... iii 

Abstract ............................................................................................................................................. v 

Svensk resume ............................................................................................................................ vii 

Table of contents .......................................................................................................................... ix 

Abbreviations and symbols ..................................................................................................... xi 

List of publications ................................................................................................................... xiii 

Contribution of the author ..................................................................................................... xv 

1 Introduction ........................................................................................................................... 1 

2 Background ............................................................................................................................. 4 
2.1 Principles of supercapacitors ............................................................................... 4 

2.1.1 Basic principles of supercapacitors and energy 
storage mechanisms ........................................................................... 4 

2.1.2 Supercapacitor materials ................................................................. 6 
2.1.3 Comparing supercapacitor and battery...................................... 8 

2.2 Properties of supercapacitors ........................................................................... 11 
2.3 Solar energy harvesting ....................................................................................... 12 

2.3.1 Solar energy harvesting and solar cells ................................... 12 

3 Materials ............................................................................................................................... 16 
3.1 Supercapacitor materials .................................................................................... 16 
3.2 Energy harvesting .................................................................................................. 17 
3.3 Materials and compounds for quantum dot-dye hybrids ...................... 18 

3.3.1 Quantum Dot....................................................................................... 18 
3.3.2 Phthalocyanine .................................................................................. 20 

4 Experimental methods .................................................................................................... 21 
4.1 Methods for fabrication and characterization of supercapacitors ..... 21 

4.1.1 Printed supercapacitors ................................................................. 21 
4.1.2 The four-point probe technique of determining 

resistivity.............................................................................................. 24 
4.1.3 Electrical characterization of supercapacitors ..................... 24 

4.2 Optical spectroscopy ............................................................................................. 27 
4.3 QD-Pc hybrid optical characterization methods ....................................... 28 



x 

5 Results and discussion ................................................................................................... 30 
5.1 Publication I ............................................................................................................. 30 
5.2 Publication II ............................................................................................................ 34 
5.3 Publication III .......................................................................................................... 38 
5.4 Publication IV .......................................................................................................... 45 

6 Summary and conclusion .............................................................................................. 52 

References .................................................................................................................................... 54 

Original Publications ................................................................................................................ 63 
 

  



xi 

Abbreviations and symbols 

Al  Aluminum 
AC  Activated carbon 
BLE  Bluetooth Low Energy 
CB  Conduction band 
CV  Cyclic voltammetry 
CM5050  The film contain 50% chitosan solution and 50% MFC solution 
DPV  Differential pulse voltammetry  
DSSC  Dye-sensitized solar cell 
EDL  Electric double layer 
EDLC  Electric double layer capacitor 
ESR  Equivalent series resistance 
Et4NBF4  Tetraethylammonium tetrafluoroborate  
F  Farad 
GCD  Galvanostatic charge-discharge 
HOMO  Highest occupied molecular orbital 
HTM  Hole-transporting material 
IoT  Internet of Things 
LUMO  Lowest unoccupied molecular orbital 
MFC  Microfibrillated cellulose 
NP  Nanoparticle 
OPV  Organic Photovoltaic 
Pc  Phthalocyanine 
PET  Polyethylene terephthalate 
PV  Photovoltaic 
QD  Quantum dot 
QDSSC  QD dye-sensitized solar cells 
R2R  Roll-to-roll 
SC  Supercapacitor  
SEM  Scanning electron microscopy 
TCSPC  Time-correlated single photon counting 
VB  Valence band 
WSN  Wireless sensor network 

 
  



xii 

  



xiii 

List of publications 

I  M. Arvani, J. Keskinen, A. Railanmaa, S. Siljander, T. Björkqvist, S. 
Tuukkanen, D. Lupo, Additive manufacturing of monolithic 
supercapacitors with biopolymer separator, J. Appl. Electrochem. (2020). 
doi:10.1007/s10800-020-01423-2 
https://link.springer.com/article/10.1007/s10800-020-01423-2 

II  M. Arvani, J. Keskinen, D. Lupo, M. Honkanen, Current collectors for 
low resistance aqueous flexible printed supercapacitors, J. Energy 
Storage. 29 (2020) 101384. doi:10.1016/j.est.2020.101384. 
https://www.sciencedirect.com/science/article/pii/S2352152X193142
88 

III  M. Arvani, J. Keskinen, S. Mansfeld, A. Railanmaa, C. Rokaya, A. Hiltunen, 
P. Vivo, D. Lupo, Flexible Energy Supply for Distributed Electronics 
Powered by Organic Solar Cell and Printed Supercapacitor, IEEE Xplore, 
full paper published at International Conference on Nanotechnology 
2020. https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=9183493 

IV  M. Arvani, K. Virkki, F. Abou-Chahine, A. Efimov, A. Schramm, N. V Tkachenko, 
D. Lupo, Photoinduced hole transfer in QD-phthalocyanine hybrids, Phys. 
Chem. Chem. Phys. 18 (2016) 27414–27421. doi:10.1039/c6cp04374g. 
https://pubs.rsc.org/en/content/articlelanding/2016/cp/c6cp04374g#
!divAbstract 

 
 
 

  



xiv 

  



xv 

Contribution of the author 

The publications in this thesis have been made in collaboration with other 
researchers. The contribution of the author is as follows: 

Publication I  
The idea was conceived by the author, Dr. Keskinen and Prof. Lupo. The author 
planned the experiments, fabricated, and characterized the supercapacitors 
from the material obtained from collaborators. The author planned the 
experiments, carried out the experimental measurements, analyzed the 
measurement results, and wrote the first draft. The author, Prof. Lupo and Dr. 
Keskinen finalized the manuscript. 

Publication II  
The idea was conceived by the author, Dr. Keskinen and Prof. Lupo. The author 
planned the experiment, fabricated and characterized most of the 
supercapacitors. Some of the supercapacitors were fabricated and measured by 
Dr. Jari Keskinen. The author analyzed the measurement results and wrote the 
first draft, and finalized the manuscript. 

Publication III  
The author conceived the idea and planned the experiments together with Dr. 
Jari Keskinen. The author carried out most of the measurements. The author 
designed and fabricated the supercapacitors and performed their electrical 
characterization. Steffen Mansfeld helped with the fabrication of the 
supercapacitors and the harvesting measurements. Collaborators 
characterized the commercial solar cells. The author analyzed the 
measurement data and wrote the draft, and finalized the manuscript. 

Publication IV  
Prof. Tkachenko conceived the idea. The author, Dr. Kirsi Virkki, Prof. 
Tkachenko, and Prof. Lupo planned the experiments. The author fabricated the 
samples. The author and Dr. Kirsi Virkki performed the characterization while 
the author and Prof. Tkachenko analyzed the data. The author wrote the draft 
of the manuscript. The author and Prof. Tkachenko finalized the manuscript. 
  



xvi 

 



1 

1 Introduction 

The Internet of Things (IoT) continues to grow.[1] In 2006 there were 2 billion 
connected devices, and it will grow to 24 billion in 2030 according to the 
Statista website.[2] In the future, trillions of connected sensors and devices are 
expected to be connected to the internet, and energy supply is critical. 
Sustainable and clean energy sources and environmentally friendly and non-
toxic energy storage devices are needed for IoT and wireless sensor networks 
(WSN).[3] Currently, the majority of the world's energy supply is produced 
from fossil fuels.[4] Considering global warming, alternative sources are 
needed, for example geothermal, biomass, hydroelectricity, radio frequency, 
vibration, and solar energy. Whether indoor or outdoor, light is one of the 
ultimate sources of efficient, renewable and clean energy. [5] Since all ambient 
energy sources are uneven, energy storage is an essential part of the system to 
provide energy when the energy supply is cut off.[6,7] Therefore, in the last 
decades, energy storage has attracted increased attention from scientists.[8,9] 

Low power and low energy consuming devices and sensors used in IoT need 
specific energy storage devices that is described in the thesis. Such a energy 
storage device feasible to be charged by piezoelectric transducer [10] or solar 
cells.[11] The system can provide energy for low power, low energy 
consumption devices for example low energy consumption porable devices that 
need 200 mWh [10], the low power, low energy consumption temperature 
logger used food transport monitoring that needs about 15 mWh energy and 
low power Bluetooth Low Energy (BLE) and radio communication devices used 
in smart homes have power consumption range between 15 μW to 4.68 
mW.[12] 

Batteries and supercapacitors (SCs) can keep WSNs working when the 
energy source is not available. Recycling of batteries is required by law in the 
EU and some other countries due to toxic, corrosive, or strategically 
problematic materials such as Pb and Li. Since being easily recycled is a 
significant advantage for an energy storage device [13,14], supercapacitors are 
a better choice than batteries in many cases. Supercapacitors can provide an 
excellent cycle life-cost-energy-power balance and can be made entirely from 
non-toxic, abundant, low-cost materials.[14] Using printing to fabricate SCs, we 
can provide flexible SCs suitable for many applications[15–17], in contrast to 
commercial supercapacitors, which are usually packaged in rigid cans. Printing 
can help to achieve low cost, easy integration, and high-throughput fabrication 
on large area substrates. 

The first aim of the research reported in this thesis is to study materials, 
devices, and systems to enable environmentally friendly energy autonomy for 
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distributed electronics. The research's key goal was to study and improve 
flexible printed supercapacitors prepared from novel materials and 
architectures. A second goal was to develop a monolithically integrated energy 
module comprising a flexible organic photovoltaic module and a flexible 
supercapacitor module and demonstrate its viability for harvesting and storing 
energy using standard indoor lighting. Such a monolithic energy module for 
energy autonomy is useful for low-power Internet of Things devices. Other 
potential applications of energy-autonomous systems are logistic transport 
tags, medicine and food packaging, and air quality monitoring devices. The 
thesis's third main objective was to study a potential candidate for future light-
harvesting devices based on the dye solar cell architecture[18–20], in 
particular, a dye-quantum dot hybrid system. In this part of the thesis, the 
hybrid's fundamental processes and charge transfer were studied. Similar 
systems have been reported as candidates for improved dye-sensitized solar 
cells. 

The thesis is based on the work reported in four peer-reviewed 
publications. In publication I, a novel separator material improving the 
performance of flexible monolithic SCs is reported. Using a novel coatable 
composite of microfibrillated cellulose (MFC) and chitosan as a novel separator 
material, equivalent series resistance (ESR) and leakage current were 
decreased to values similar to those achieved earlier in laminated devices. 

In publication II, the series resistance of disposable, printed, non-toxic, 
flexible supercapacitors was reduced by, the use of thick and thin graphite foils 
and dense graphite protected aluminum (Al) as improved current collectors. 
Using a protective layer of dense graphite ink on Al, corrosion of the metal by 
the aqueous salt electrolyte was drastically reduced, enabling the SC to function 
stably for at least 950 days. 

In publication III, series-connected monolithic supercapacitors are printed 
on the backside of Organic Photovoltaic (OPV) modules to form a monolithically 
integrated energy module for energy-autonomous devices. The system can 
harvest indoor light and store the energy in a single supercapacitor or series-
connected SC module. 

Publication IV is a study on the photoinduced energy and charge transfer 
processes in a hybrid organic- quantum dot (QD) semiconductor system. 
Understanding the photo-induced electron transfer in the hybrid is 
fundamental to assessing the potential of new systems for application in novel 
solar cells. A series of QD–phthalocyanine (Pc) hybrids were synthesized, and 
their photophysics was studied using steady-state and time-resolved 
spectroscopic methods. Emission of QDs was quenched upon increasing the 
concentration of Pc in the hybrids. Further measurement results by transient 
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absorption spectroscopy show that the mechanism of quenching is charge 
separation. The results show evidence of hole transfer from the photoexcited 
QD to the non-excited Pc. 

Chapter 2 provides the theoretical background of the work by describing 
the basic structure and properties of supercapacitors and solar energy 
harvesting devices. It also  describes the techniques used in the work. Chapter 
3  discusses the properties of material used in supercapacitor fabrication. It also 
describes the photoactive materials in publication IV.Chapter 4 presents the 
experimental methods and provides an overview of the characterization 
methods. Chapter 5 presents the main results of the publications and discusses 
the results. Chapter 6 gives a summary of the work. 
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2 Background 

2.1 Principles of supercapacitors 

2.1.1 Basic principles of supercapacitors and energy storage 
mechanisms 

Electrical energy can be stored in supercapacitors, also called electric double-
layer capacitors (EDLC) or ultracapacitors.[21] The energy is stored in the 
electric field at the interface between the electrode and electrolyte. Figure 1 
shows the pri nciple of a supercapacitor. 

 
Figure 1 principle of the supercapacitors.[9] 

We can see in Figure 1 that two capacitors are formed, one between each 
electrode and electrolyte. The capacitance of each capacitor can be calculated 
by 

 C = Ɛr Ɛ0 A/d  Equation 1 

Where Ɛr is the relative dielectric constant of the insulating material, Ɛ0 is the 
dielectric constant of vacuum, A is the area of the conducting surfaces, the 
surface of the rough electrode, and the ionic layer adjacent to it can be treated 
formally as two plates of a capacitor. d is the distance between the charge layers. 
In this case, d is the thickness between electrodes and electrolytes, and it is very 
thin, so the capacitance of the capacitors is high, about 10-20 µF/cm2 [22], the 
effective surface area is much higher in our case, and we have about 100 
mF/cm2 in an assembled supercapacitors. Figure 2  shows the microscopic 
structure of an electric double layer. Hermann von Helmholtz initially described 
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the double-layer effect.[23] Theories to describe the electric double layers in 
supercapacitors have been presented in references.[24,25] Helmholtz 
postulated that an electrode immersed in an electrolyte and charged to a 
potential attracts ions with the opposite charge and repels ions with the same 
charge.[26] It makes an analogous structure, and these planar electrodes are 
separated by distance H. An EDLC is described as a combination of two layers. 
Figure 2 a shows the Helmholtz model.[26] In the second model of  EDLC, the 
Gouy-Chapman model, it is assumed that mobile ions in the electrolyte solution 
are influenced by electrostatic force and diffusion. The model includes a  diffuse 
layer, as is shown in Figure 2 b. The Helmholtz theory was improved by Stern 
using the Gouy-Chapman model [27]. He described EDLC as a  compact layer of 
immobile ions adsorbed to the electrode surface strongly, which forms the 
Helmholtz plane, and the diffuse layer where ions are mobile as in the Gouy-
Chapman model. Figure 2 c shows the Stern model. [26] 

 
                 a                                        b                                                                 C                           

Figure 2. Schematics of the EDLC structure.(a) Helmholtz model, (b) Gouy-
Chapman model and (c) Stern model.[26] 

As mentioned, in each supercapacitor, there are two capacitors at the surfaces 
of the electrodes. These two capacitors are connected in series, and the total 
capacitance C of a supercapacitor can be calculated from these capacitances, C1  
and C2, from the equation 

 1/C=1/C1+1/C2 Equation 2 

Where C1 and C2 are the double-layer capacitance values at each electrode. 
Theoretically, C1 and C2 can be calculated based on the electric double layer 
models. If C1 and C2 are equal, then the total capacitance is exactly half of each 
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capacitance. If one is far larger, then the capacitance is close to the smaller 
capacitance. Usually, anions are larger than cations. Thus C1  and C2 are 
frequently different even if the electrodes are the same and symmetric since 
smaller ions can be positioned closer to the electrode surface. [21][24] 

2.1.2 Supercapacitor materials 

Supercapacitor materials include electrodes, electrolytes, separators, and 
current collectors, and the substrate or substrates onto which materials are 
deposited. Since the energy is stored at the electrode-electrolyte interface, the 
electrode material and electrolyte type play an essential role in determining the 
SC’s properties.  

Electrodes are made from conductive materials. Carbon, in various 
manifestations, is widely used for SC electrodes. For instance, carbon 
nanotubes, graphene, carbon fiber, carbon aerogel, and activated carbon (AC) 
have been reported.[28–31] Activated carbon (AC) [32,33] is the most 
commonly used electrode material in SCs due to its porous structure that 
provides high specific surface area, about 1000-2500m2/g [34], as well as its 
low cost. AC can be made from many natural sources, including coconut shells 
[35], and its structure is like assemblies of defective graphene layers. [32] AC is 
low cost, electrically conductive, mechanically and thermally stable, and, as 
mentioned, provides a high specific surface, so it is a highly suitable material for 
supercapacitor electrodes. Although small pore size provides a larger specific 
surface in AC, minimizing the size of the pores is not the best option to improve 
the performance of the SC. Figure 3 shows the electrolyte ion access to the 
different sizes of pores.[36] The optimum size of the pores is needed to 
maximize the performance of the AC. A larger pore size enhances the ion flow 
between electrode and electrolyte. A smaller pore size increases the specific 
surface; ideally, the pores should be large enough for ions to diffuse effectively 
into them but small enough to provide a large surface area.[37]  

The choice of electrolyte has an important effect on properties of SCs such 
as capacitance, temperature range, and voltage range. A wide range of materials 
is used to manufacture SC electrolytes.[5] Figure 4 shows a classification 
scheme and some examples of SC electrolytes. There are two categories of liquid 
electrolytes in SCs: aqueous and aqueous and non-aqueous e.g. organic . Most 
commercial SCs are fabricated from organic electrolytes, as they allows the SC 
to be charged up to a maximum voltage of 2.2-3 V.[38] The maximum voltage is 
an essential factor of the SC as the maximum energy stored in an SC is 
proportional to the square of the maximum voltage. Scientific research focuses 
more on aqueous electrolytes, based on the number of publications.[39] 
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Figure 3. Electrolyte ions access to different sizes of electrode pore.[36] 

Although an aqueous electrolyte limits the SCs maximum voltage to 1 V or at 
most 1.2 V, it offers other advantages such as safety, non-flammability, 
environmental friendliness, and low cost.[40]  

Aqueous electrolytes typically also show lower equivalent series resistance 
(ESR) than organic ones in devices of similar architecture.[41] Commercial SC 
manufacturers usually prefer to use organic electrolytes to maximize energy 
storage.  In the organic electrolyte, an organic solvent, for example, acetonitrile, 
is the basic component, and salt, for example, tetraethylammonium 
tetrafluoroborate , Et4NBF4, is dissolved in it. The most common organic salts 
include hexafluorophosphate or tetrafluoroborate, perchlorate ions as anions, 
tetra-alkylammonium, or lithium ions as cations.[42,43]  

Putting the electrolyte into a gel form can have advantages. As they have a 
solid-like structure, the risk of electrolyte leakage decreases, while the liquid 
phase within the solid scaffold maintains a reasonably high ionic conductivity. 
If a gel electrolyte is used, no separator is needed in SC as the gel itself functions 
as electrolyte and separator. Examples of common gel electrolytes are mixtures 
of polyvinyl alcohol and potassium hydroxide or sulfuric acid and gelatin-based 
hydrogels.[44,45] 

Separators must be used in SCs when the electrolyte is a liquid to avoid a 
short circuit between electrodes. Usually, a porous paper is placed between 
electrodes as a separator. It should be porous to let the electrolyte ions pass 
through it. 

An additional element of an SC is the current collector, which is adjacent to 
the SC electrode. Current collectors are usually made from metals. The 
electrodes are deposited, and the current collectors serve to allow the charges 
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to pass from electrodes to external circuits without significant resistive losses. 
The thickness of the current collector affects the SC properties. In conventional 
laminated devices, the current collector is deposited onto the substrate 
material, and the electrode is deposited onto the current collector. As will be 
seen later, the order of deposition can change in monolithic devices. 

 
Figure 4. Classification of electrolytes for electrochemical supercapacitors.[39] 

2.1.3 Comparing supercapacitor and battery 

SCs and batteries are both electrical energy storage systems, but their 
mechanisms of storing energy are different. Batteries work on the basis of  
chemical reactions, while supercapacitors store energy using the electric field. 
Two different electrochemical processes occur in SCs and batteries. In batteries, 
for example, lithium ion batteries, a redox reaction happens between the ions 
and bulk electrode materials. The charging and discharging rate can both be 
limited by the ability of charges to diffuse inside the electrodes and the redox 
reaction. In supercapacitors, energy is stored at the electrode surface in EDLs, 
and no redox reaction is required. As a result, ions only need to diffuse through 
the electrolyte to the electrode surface and not into the electrode itself.  As a 
result, SCs can charge and discharge more quickly, thus providing a higher peak 
power energy storage device.[46] Furthermore, due to the lack of 
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electrochemical reactions, the cycle life in SCs can be far higher than in 
batteries.  Batteries and SCs have essential differences in their specific power 
and specific energy. These parameters are presented in a Ragone plot. Figure 5 
shows a Ragone plot of electrical energy storage systems.[5]  

When a potential is applied to a battery, oxidation and reduction occur on 
the electrodes, which cause the passage of charge across the separator resulting 
in Faradaic current passing through the battery cells. Based on Faraday’s laws, 
the relationship between the amount of reaction and the current flow is 
described by the following equation: 

 g=It(MW)/nF Equation 3 

where g is the grams of material transformed, I is the current flow (amps), t is 
the time of current flow (seconds, hours), MW is the molecular or atomic weight 
of the transformed material, and n is the number of electrons in the 
reaction.[47] 

The charging and discharging of a supercapacitor involve only electrostatic 
processes, and there should, in theory, be no Faradaic processes between 
electrodes and electrolytes. In supercapacitors, the electrodes/ electrolyte 
interfaces behave as capacitors, and no direct current flows between electrodes 
and electrolytes. The lack of  Faradaic reactions in the electrode decreases the 
maximum energy density, thus SCs can store less energy per weight than 
batteries. On the other hand, the surface storage mechanism in SCs allows fast 
charging and discharging, thus better power performance. In batteries, the 
Faradaic reaction causes swelling in the active materials during charge and 
discharge, which limits the cycle life to a few thousand cycles at best. SCs, on the 
other hand, work for millions of cycles due to the absence of Faradaic 
reactions.[48] In addition, electrochemical side reactions can play a significant 
role in battery lifetime.[49] Recently, new hybrid systems combining Faradaic 
and capacitive electrodes to increase the performance of the energy storage 
devices have been studied.[42] 

Table 1 shows some examples of available commercial supercapacitors and 
their manufacturers.[9] The commercial supercapacitors mentioned in Table 1, 
usually packaged in cans, are targeted at very high capacitance and power 
density because they are used in power applications. For node application in 
IoT, small and low-cost energy storage devices are needed[40]. Low-power SCs 
are suitable candidates to enable charging from energy harvesting sources 
within a reasonable time. In this case, important factors are self-discharge, lack 
of toxic materials, materials cost, the form factor for integration into flexible 
devices, and the required power density for the IoT application. For example, 
the targeted average power consumption of the sensor node under 
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development in our current project is a few µW with peaks below 100 µW, so 
that the 10-20 Ohm sheet resistance from graphite ink is sufficient. 

 
Figure 5. Ragone plot of electrical energy storage systems.[5] 

The applications of SCs include low-power electronics and sensors, IoT devices, 
memory protection, electric and hybrid vehicles [50,51], camera flash, wireless 
transmission, and industrial lasers.[22] SCs are a potential energy storage 
solution for many IoT applications. Usually, the microcontrollers used in 
embedded systems are designed to consume as little energy as possible, so SCs 
are potentially a better choice as energy storage for them. Batteries are a better 
choice when higher specific energy is required, while SCs are preferred when 
short-term power peaks are needed. For example, when regenerative braking 
is implemented in hybrid vehicles, the peak power needs to be collected. The 
power is too high for the batteries to be charged directly in most common 
designs, and a  combination of battery and SC is a useful way to solve the 
problem.  
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Table 1. Examples of commercial supercapacitors. 

Company Capacitance range (F) Voltage range (V) 
Ioxus 1300 - 3150 2.7 – 2.85 

LS Mtron 100 - 3400 2.7 – 3.0 
Maxwell 1 - 3400 2.7 - 2.85 
Murata 0.035 - 1 4.2 – 5.5 

Nippon Chemi-Con 50 - 1400 2.5 
Panasonic 0.1 - 100 2.1 – 5.5 

 

2.2 Properties of supercapacitors 

One of the most important properties of supercapacitors is their capacitance. 
Capacitance is calculated by  

 C=Q/V   Equation 4 

where Q is charge and V is the voltage. The unit for C is Farad (F).[21,52] The 

specific capacitance is the ratio of the capacitance to mass or volume. The 

energy is stored in a capacitor is calculated by  

 W=1/2CV2  Equation 5 

where C is capacitance and V is the voltage.[22] 
Other important properties of SCs are equivalent series resistance (ESR), 

self-discharge, cycle life, and shelf lifetime. The ESR comes from the internal 
resistance of the SCs, including resistances in the current collector, electrodes 
and ionic resistance of the electrolyte, and the contact resistance of interfaces 
between different layers of an SC. The main part of ESR in printed 
supercapacitors comes from the printed graphite current collector. It is 
observed in [13] by comparing SCs with different current collectors;: graphite 
and metal.[17] No correlation between ESR and the AC mass in SCs is 
observed.[17] ESR has little effect on stability and self-discharge. 

Increasing temperature may decrease ESR and increase the 
capacitance.[53–55] The ESR affects the maximum power of SCs.[22] The 
power available from an SC is calculated by  

 P=V2/4R   Equation 6 

where V is voltage, and as R the ESR is used. 
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Self-discharging is the spontaneous decrease in voltage across a charged SC  
when the device is not connected to any external circuit. The reasons are 
physical processes or chemical reactions inside the SC, such as pinholes in the 
separator and unwanted Faradaic reaction of the impurities.[21,56–58] To 
keep the supercapacitor voltage constant, a small current called leakage current 
needs to be applied to the SC. The aqueous electrolyte-based SCs are quite 
stable during cycling, but leakage current and self-discharge decreased 
dramatically after a few cycles.  The SCs are assembled in ambient air, so oxygen 
exists in the devices, and unwanted Faradic reactions can occur. The initial 
higher leakage current of SCs is higher due to Faradaic reactions of impurities 
on the electrodes, which involve oxygen.[37] The leakage current decreases in 
the later cycling because oxygen is depleted, and the Faradic reactions decrease. 
[38] As a result, the leakage current decreases by aging. The other source of the 
self-discharge of the SCs is the metal ions impurities that are usually found in 
carbon materials. The passage of metal ions through separator pinholes can 
increase leakage current. Another source of leakage current is oxygen that may 
dissolve in the electrolyte and deposit on AC.[37] 

Unlike batteries, which work based on electrochemical reactions and have 
limited cycle life, supercapacitors ideally operate without electrochemical 
reactions, leading to far higher cycle life, as described above. Chemical reactions 
in batteries eventually lead to chemical and/or mechanical degradation of the 
electrode materials. On the other hand, the lifetime of the supercapacitors is 
affected by electrolyte loss, the formation of gas bubbles by SC materials and 
increasing the inside pressure [59,60],  leakage of the materials due to improper 
encapsulation and sealing, deterioration of the sealing material, and blocking of 
the pores of the separator by electrolyte or electrode material. Increasing the 
temperature increases self-discharge and unwanted chemical reactions such as 
oxidation, which lead to faster aging of the supercapacitors.[61] 

2.3 Solar energy harvesting 

2.3.1 Solar energy harvesting and solar cells 

Economic growth increases energy demand.[62] Renewable energy harvesting 
is a fundamental approach to save the environment. Energy can be harvested, 
for example, from light, temperature difference, motion, or radio frequency 
waves. Light energy, radio frequency energy, thermal energy, and motion 
energy can be captured with photovoltaic cells, antennas, thermocouples, and 
piezoelectric harvesters, respectively. The output of the energy harvester needs 
to be controlled by a circuit, for example, to be converted from DC to AC or 
opposite, then stored in an energy storage system such as SCs or batteries.  
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The most widely available renewable energy source is light. A solar cell acts 
as a device to convert light to electricity. It must be cost-effective and reliable 
to be competitive with conventional sources. Therefore different technologies 
and materials are studied to improve solar cells, such as thin-film solar cells, 
organic solar cells, dye-sensitized solar cells (DSSC), and crystalline silicon solar 
cells.[63,64] They are usually Si-based, so their flexibility is limited; therefore, 
they cannot be printed on a large scale, e.g. using Roll-to-roll (R2R) 
technology.[65–67] Photovoltaic (PV) cells have been studied since 1950 [68], 
and currently, PVs are commercially widespread; the global solar PV capacity is 
predicted to reach  115 GW, and the global photovoltaic market to grow to 76.6 
billion in 2020. [69,70] 

Solar cells can be sorted based on their materials to organic solar cells, 
inorganic solar cells, and hybrid solar cells.  Commercial solar cells are mostly 
inorganic Si-based. There are several kinds of organic or hybrid systems, such 
as thin-film organic devices, polymer bulk heterojunctions, dye-sensitized 
devices, and perovskites.[71] Hybrid solar cells combine organic and inorganic 
materials to utilize OPVs' low-cost cell production and obtain other advantages 
of inorganic materials such as tuneable absorption spectra and environmental 
stability.[72,73]. This thesis will only discuss dye-sensitized, perovskite-based 
devices and polymer bulk heterojunctions since they are the architectures 
relevant to this work.  

In 1991, Grätzel and O’Regan introduced the dye-sensitized solar cell 
(DSSC).[74] Due to the extreme reduction of the cost of Si-based photovoltaic 
modules since then, the promise of far cheaper solar energy could not be 
delivered. However, there are still advantages in energy payback time (how 
long the device needs to deliver energy before the energy invested in fabricating 
it has been delivered) and design options, e.g., varied colors and/or shapes. 
Usually, DSSCs are based on TiO2 nanoparticles and an organic dye. 
Photogenerated electron transfer occurs between TiO2 and a liquid electrolyte 
or a solid hole-transporting material (HTM). 

QDs have also been considered as an alternative to molecular dye for DSSCs. 
Due to the ability to tune QDs bandgap, they can offer a wide range of solar cell 
designs to harvest light energy from infrared to visible regions of the solar light 
spectrum.[75] QDs can increase the power conversion efficiency of solar cells 
by enhancing photoexcitation from the phenomenon called multiexciton 
generation.[76] In this case, photons with enough energy, for example, two or 
three times higher than band gap energy, can produce one, two, and three 
excitons, respectively.[77] The second technique to enhance conversion 
efficiency is the utilization of carriers before they return to the lower band due 
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to the phonon emission. This effect was first studied in CdSe QDs by Guyot-
Sionnest.[77]  

TiO2 or other metal oxides with wide bandgap are the most often used 
electrodes in QD dye-sensitized solar cells (QDSSCs) because of the 
morphologies of these metal oxides. QD will be attaches to them by adsorption 
of pre-synthesized QDs onto the metal oxides or growth of QDs on them. QDs 
increase the open-circuit voltage solar cell and improves its photostability.[78] 
QDSSCs have attracted scientists’' interest. Studies explore different 
approaches such as working on multi-layered QDs on metal oxides, using 
different deposition methods and utilizing different sizes of QD materials to 
study energy and carrier transfer. 

An organic polymer heterojunction photovoltaic cell contains two active 
materials, one of which has electron-donating properties and the other of which 
tends to be an electron acceptor. These properties are related to the highest 
occupied molecular orbital (HOMO) and the lowest unoccupied molecular 
orbital (LUMO) levels of the materials and are the basis of the operation of a 
bulk heterojunction cell. When a photon is absorbed, usually by the donor 
polymer, an exciton is created. The exciton can recombine by light emission or 
dark channels. However, if it reaches a donor-acceptor interface, the probability 
of charge separation due to electron transfer to the donor is high due to the 
energetics of the heterojunction. The electron moves from the LUMO of the 
donor to the LUMO of the acceptor because the energy level of the LUMO of the 
acceptor is lower. This is a different process than the electric field-induced 
charge separation in a conventional p-n junction photovoltaic cell.  However, 
for charge separation to occur, the exciton must be formed within the exciton 
diffusion length from a donor-acceptor interface. In conventional thin-film cells, 
this is problematic because typical diffusion lengths for excitons in conjugated 
polymers are on the order of 10s of nm,[79], but the light-absorbing layer needs 
to be much thicker for efficient light absorption. In bulk heterojunctions solar 
cells, the donor and acceptor materials are co-deposited, usually by printing or 
coating, and processed in such a way that they are separated from each other 
but connected to the same type of the material, in what is called a phase-
separated bicontinuous network,[80] in which the donor is typically a 
conjugated polymer. The acceptor has usually been a solubilized fullerene. This 
structure provides sufficient thickness for light absorption. However, it ensures 
that no exciton is formed farther than the exciton diffusion length from a donor-
acceptor junction, thus strongly improving the energy conversion efficiency of 
the device. Saraciftci and Heeger first reported the bulk heterojunction 
effect.[81] Organic polymer bulk heterojunctions solar cells are flexible and 
lightweight and can be manufactured by roll-to-roll technologies, but the 
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energy conversion efficiency and lifetime are still relatively low. [65,66] Figure 
6 shows a schematic diagram of the photoinduced charge transfer in bulk 
heterojunction solar cells. 

 
Figure 6. Schematic photoinduced charge transfer in the bulk heterojunction 

solar cell. 

The newest solar cell technology that has created substantial interest is based 
on organic-inorganic hybrid perovskite devices. They can compete with Si solar 
cells in terms of cost.[67] In perovskite-based solar cells, methylammonium 
lead halide functioned as the sensitizer in a TiO2 film. The perovskite-based 
solar cells are interesting due to the high carrier mobility and high absorption 
coefficient.[67] Since lead is a toxic material, new research [82–84] is ongoing 
on lead-free perovskite solar cells that retain the optoelectronic properties of 
lead halide.[82] 
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3 Materials 

In this chapter, the materials that were used in the thesis are described briefly. 
More details are given in publications I–IV and the references. 

3.1 Supercapacitor materials 
Usually, printed supercapacitors are manufactured by laminating the 
electrodes face to face and placing a separator between them. An alternative 
monolithic fabrication process is a sequential deposition of the layers on top of 
each other. 

Figure 7 shows schematic cross-sections and layouts of the laminated and 
monolithic devices. The fabrication process in both cases is started by cleaning 
the substrate. In this work, the substrates used were 1 mm thick Corning ® 
2947 glass or polyethylene terephthalate (PET film, Melinex ST506 from 
DuPont Teijin Films, thickness 125 µm) as they are cost-effective and can be 
recycled relatively easily. The first layer of graphite ink, Acheson PF407C, was 
printed onto the substrate as a current collector and was cured at 95 oC for 30 
minutes. This heat treatment was found to be suitable for producing a stable 
conductive graphite thick film. Table 2 shows the resistivity of the graphite ink 
after curing at different times and temperatures. The thickness of the wet 
graphite layer was 100 µm. The resistivity of the graphite thick films are 
measured at room temperature using a four-point probe technique. 

In some samples, the current collector conductivity was improved using 
graphite foil or aluminum (Al) coated with graphite inks to protect the Al from 
corrosion by the electrolyte. The second printed layer was activated carbon 
(AC), Kuraray YP-80F, with chitosan as a binder, as an electrode. The separators 
were made of 40 µm thick Dreamweaver Silver AR40 cellulose paper or a new 
composite separator material formulated from chitosan (Sigma-Aldrich, 
Chitosan from shrimp shells, 50494) and micro fibrillated cellulose (MFC) made 
from Nordic bleached hardwood kraft pulp. All the SC samples included NaCl 
(Fluka 38979) in deionized water in a 1:5 mass ratio as the electrolyte. The SC 
was sealed by adhesive tape (468MP-200MP from 3M). To connect the 
supercapacitors to OPV presented in publication III, copper foil tape number 
1181 from 3M company was used. 
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                   a                                    b                                     c                                  d 

Figure 7  Schematic cross-section and layout of the monolithic SC (a) and the 
laminated SC (b) and the layout of both the monolithic SC (c) and the laminated 
SC (d). The substrate is shown in white, the current collectors in red and green, 
electrodes in black and separator in blue and sealing in yellow (a) or gray (b). 

Table 2. Resistivity of the cured graphite thick film in different temperature and 
time. 

Temperature 
(°C) 

Time 
(min) 

The 
thickness 

of dry 
graphite 
ink (µm) 

Sheet 
resistance 

(Ω/sq) 

Resistivity 
(µΩm) 

120 60 22 17,1±0,05 376 
120 15 19 16,4±0,2 311 
100 15 22 15,3±0,1 367 
95 30 24 13,4±0,2 321 
95 20 22 15,9±0,1 349 
90 30 26 14,5±0,2 377 
80 60 23 15,4±0.05 354 
80 30 25 18,7±0.05 467 
70 60 21 20,9±0,2 438 
60 overnight 19 19,4±0,2 368 
50 overnight 22 22,3±0,4 490 

3.2 Energy harvesting 
The OPV modules used to charge SCs in publication III were the OPV modules 
made by infinityPV, and the advertised efficiency was 5 %. A 4000 K white light 
source was installed 41.5 cm above the OPV module.  
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3.3 Materials and compounds for quantum dot-dye hybrids 

This section briefly describes the materials and components used in Publication 
IV . An introduction to quantum dots and a description of the materials used in 
this study are given in section 3.3.1. Section 3.3.2 describes the organic 
photoligands used.  

3.3.1 Quantum Dot 

Quantum dots (QDs) are nanostructured materials [85] categorized as zero-
dimensional.[86] During the last three decades, the optical and electrical 
properties of nanostructured semiconductors, or QDs, have attracted great 
attention, as the fundamental properties of QDs are depended on their size in 
the nanometer range. Although QDs are quasi-zero dimensional, they can be 
treated quantum mechanically as a box, whereby the size of the box is very 
important. For example, Figure 8 shows the size-dependence of 
photoluminescence emission spectra of a series of QDs.[87] The size of QDs is 
between 2.1 to 7.5 nm, and the emission spectrum ranges from blue to red with 
increasing size.  

QDs were first synthesized about 2000 years ago,[88] when Greeks and 
Roman used PbS QDs to dye their hair. In the 20th Century [89], QDs were used 
to control the red-yellow color of glass. [90] Current research focuses mainly 
on the unique optical properties of QDs for solar cells, light-emitting devices, 
and biological applications. Usually, QDs size is 2 to 10 nm in diameter. The use 
of the QDs’ unique properties requires sufficient control during the synthesis, 
as the QDs’ size, shape and impurities have a huge effect on their properties. 
The methods to synthesize QDs are colloidal synthesis, molecular beam epitaxy, 
and plasma synthesis. QDs are usually made from materials including III-V and 
II-VI semiconductors such as InP, GaAs, CdSe, InAs, CdS, CdTe, and ZnS heavy-
metal-free alloys, for example, ClSeS and CuInS2 or perovskites. [91]  
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Figure 8 Photoluminescence emission spectra of different size of a series of 

QDs.[92]  

The five different CdSe quantum dots used in the thesis (publication IV), with 
diameters ranging from 2.8 to 5.3 nm,  were purchased from Strem Chemicals 
Inc. Figure 9 shows the absorption and emission spectra provided by the 
supplier.  

 
Figure 9 Absorption (Left) and emission (Right) spectra of the QDs.[93]  

The QDs that we used in the thesis were highly stable under sunlight, thus were 
well suited for laser and spectroscopy applications. 
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3.3.2 Phthalocyanine 

Phthalocyanines (Pcs) are synthetic dyes and were discovered at the beginning 
of the 20th century. They are frequently used as industrial pigments, and can 
also be functionalized, e.g., with attachment ligands. Instead of more widely 
used thiol functionalized Pc, carboxylic acid functionalized Pc was used in this 
study because thiol substituted dyes showed quenching of emission from the 
complex in early experiments. It was found that the carboxylic acid group did 
not quench emission but binds well to the CdSe quantum dots. Figure 10 shows 
the structure of the dye used in this study. Aggregation can change the emission 
and absorption spectra of Pcs drastically and must be considered in the 
experiments. It is furthermore essential to avoid or reduce aggregation as much 
as possible. 

 
Figure 10 The structure of the phthalocyanine used 
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4 Experimental methods 

In this chapter, the experimental methods that were used in the thesis are 
described briefly. More details are given in publications I–IV and the references. 

4.1 Methods for fabrication and characterization of 
supercapacitors 

SCs usually are commercially fabricated by coating electrodes on current 
collector foils, positioning the separator between two coated current collector 
foils, followed by electrolyte filling and packaging, usually in a rigid can 
structure.[94] In this work, we print supercapacitors on the flexible substrates 
to make flexible SCs.[9,15,16,95–97]  

4.1.1 Printed supercapacitors  

The different layers of the SCs are printed on a flexible substrate. In this case, 
the AC electrode needs to be quite thick, tens of micrometers, and high-
resolution patterning is not critical;  bar coating and screen printing are suitable 
processes for the purpose. The other processes reported for printable SC 
electrode fabrication include flexographic printing, dispenser printing [98,99], 
and spray-coating.[15] The simplest method for printing SCs is doctor blade 
coating, in which the ink is spread with a sharp blade that is fixed at an 
adjustable distance from the substrate.  

Figure 11 shows a schematic representation of doctor blade coating.[100] 
For patterning, a stencil mask can be used. Another way to make flexible printed 
SCs is screen printing. The screen-printing method has been used since 2000 
years ago in Asia, Europe, and Africa to create repeatable patterns, symbols, and 
labels on textiles.[71] It is a suitable choice to fabricate thick, patterned 
electrodes, and it has been used in many research studies.[99,101–103] Figure 
12 shows the principle of screen printing.[71] A viscous ink (1 in Figure 12) is 
applied to the screen. The rubber squeegee (2 in Figure 12) spreads the ink and 
forces it through the mesh at printing areas, and brings it in contact with the 
substrate dosing (3 in Figure 12). The screen is patterned by blocking some of 
the meshes. When the mesh is bent, the ink adheres to the substrate and 
transfers to it (4 in Figure 12).   
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Figure 11 Schematic drawing of the doctor-blade bar-coating method.[100] 

The next step is the removal of the mesh, relaxation (5 in Figure 12). The 
printed pattern appears (6 in Figure 12). After printing, the fluid inks must 
change to the solid-state before the next SC manufacturing step through drying, 
i.e., removing the solvent. Drying can be done at room temperature, thermally 
(e.g., oven, hotplate, infrared, or hot air blowers), or using UV radiation, 
depending on the ink and application of the film.[104] Drying may change the 
structure of the ink, for example, by polymerization.[105] Sometimes additional 
treatment is needed to improve the bonding between particles and enhance the 
SC performance. 

The films were usually deposited by stencil printing (doctor blade 
applicator using mtv Messtechnik Film applicator). Alternatively, some 
electrodes are deposited by screen printing, which delivers devices with similar 
performance. Figure 13 shows the set-up of both printing methods. 
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Figure 12 Principle of screen-printing.[71] 

       
Figure 13 set up of stencil printing (Left) and screen-printing (Right). 

The surfaces of the layers were characterized by scanning electron microscopy 
(SEM) using a  Zeiss UltraPlus FE-SEM with a 5kV acceleration voltage at 
Tampere Microscopy Center. 
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4.1.2 The four-point probe technique of determining resistivity 

All conductivity measurements were performed using a four-point probe 
system. The four-point probe technique is a widely used method in the 
semiconductor industry to measure the resistivity of the materials and to 
monitor the production process.[106] In this technique, four probes are 
arranged in a straight line, and a constant current is passed through the outer 
probes while the voltage drop is measured through the two middle 
probes.[107] Figure 14 shows the four-point probe setup with agraphite thick 
film in contact with the probes. 

 
Figure 14 The four-point probe set up. 

4.1.3 Electrical characterization of supercapacitors 

Two main experimental methods to characterize SCs are cyclic voltammetry 
(CV) and galvanostatic charge-discharge (GCD).In cyclic voltammetry, the 
electrode potential is ramped linearly with time. When a set potential is 
reached, it is ramped in the opposite direction to discharge it to the initial 
potential. The total charge on the surface of the electrode is calculated by 
integrating the current versus time. The capacitance is calculated by the total 
charge divided by the potential. The CV plot shows the current versus applied 
voltage or, at times, as current or potential versus time.[25][18] The shape of 
the curve in the CV plot of an ideal supercapacitor is a rectangle. In a real 
supercapacitor, the curve is inflected due to the internal resistance. Capacitance 
is obtained based on the CV curve via integration of the current with respect to 
time.[108] It is shown in the following equation 
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 C= ΔQ/ΔV= ∫ 𝑖𝑖 𝑑𝑑𝑑𝑑2𝑉𝑉0/𝑉𝑉
0  /2V0 ,   Equation 7 

where V0 is the operating voltage. 
On the other hand, GCD using ISO 8894  is the recommended 

characterization method for characterizing full SCs.[104, 105] It is a reliable and 
industrially approved, , method to measure the capacitance and ESR. In this 
method, the current is controlled, and the voltage is measured. CGD can be 
extended to an industrial scale, and it is widely employed in the battery field. 
The following equation describes the voltage variation  

 V(t)= Ri+ t/C i(V)  Equation 8 

and the capacitance of an SC is calculated from the slope of the discharge curve 
by the following equation 

 C= I (t2-t1)/(V2-V1)  Equation 9 

When V-t is not linear, the capacitance is calculated by integrating the current 
over the discharge time or charge time: 

 C = I ∂t/ ∂V  Equation 10 

where i is the set current, t is the discharge or charge time, and V is the voltage. 
ESR is deduced from the voltage drop occurring over the current inversion : 

 ESR = Vdrop /∆ I  Equation 11 

A supercapacitor is simply treated as a system of a capacitor in a series 
connection with ESR. Figure 15 shows a supercapacitor equivalent circuit.[108] 
In most cases the self-discharge ESR can be ignored compared to the discharge 
by the load.[109] 
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Figure 15 Supercapacitor equivalent circuit. 

To determine the capacitance, ESR, and leakage currents, the industry-standard 
IEC 62391-1 , IEC 62391-2 and IEC 62391-2-1 [110] were used.[94] The 
capacitance values were measured during the constant current discharge step 
between 0.96 V and 0.48 V. There is an abrupt change is called IR drop, and ESR 
is calculated by dividing the voltage drop with the current used. In other words, 
ESR is calculated from the IR drop at the beginning of the discharge step at a 
current of 10 mA. Figure 16 shows the galvanostatic charge and discharge of 
supercapacitor I at 10 mA constant current. We can clearly observe the IR drop. 
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Figure 16 Galvanostatic charge-discharge cycle with 10 mA for supercapacitor I 

at table 3. 

Leakage current was determined by the CGD method when a fully charged 
capacitor is maintained under constant voltage control with a float current 
experiment. For this measurement, the cell is charged at constant voltage, 1.2 
V, and is kept fully charged, and then the residual current flow is monitored for 
1 hour.  

The electrical properties of supercapacitors, specifically capacitance, ESR, 
and leakage current, were characterized by a Maccor 4300 multichannel energy 
storage test unit. The devices were charged and discharged three times 
between 0 to 1.2 V with three different constant current, 1,3 and 10 mA, then 
kept at the maximum voltage for half an hour.  

4.2 Optical spectroscopy 

Optical spectroscopy methods utilize light scattering and other optical 
techniques such as light absorption and emission to detect and identify the 
properties of materials. The basic methods of optical spectroscopy were the 
study of absorption and emission spectra of the investigated subject. More 
advanced methods of optical spectroscopy include time-resolved spectroscopy, 
single-molecule spectroscopy, and non-linear optical spectroscopy.[111] Non-
destructive spectroscopy methods have attracted substantial attention from 
researchers due to their application in studying and monitoring different 
science and industry processes.[112–114]  
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4.3 QD-Pc hybrid optical characterization methods 

The QD–Pc hybrid samples were prepared at different relative concentrations 
of Pc and a constant concentration of QDs, 1 mM. The reaction between Pc and 
QDs was studied by steady-state absorption spectroscopy, steady-state 
emission spectroscopy, time correlation single-photon counting, and time-
resolved spectroscopy. The methods are described briefly here, and the details 
can be found in [111]. 

Steady-state absorption spectroscopy is a standard characterization tool, in 
which light is passed through a sample while the wavelength is scanned. The 
light intensity before and after the sample is compared, usually using a 
commercial spectrophotometer. The absorbance of the sample can be 
calculated by the following equation 

 A=log Iin/Iout     Equation 12 

A is the absorbance, and Iin and Iout are the intensity of light before and after the 
sample  Absorption spectra were measured in this thesis using a Shimadzu UV-
3600 spectrophotometer. 

Steady-state emission spectroscopy is a common method to characterize 
new compounds and monitor chemical reactions. The instruments are usually 
called fluorometers or spectrofluorometers. In this method, the material, M, is 
promoted to excited state M* by absorption of a photon(M + hν → M∗).  One 
possible pathway for relaxation back to the ground state is photon emission 
(M∗ → M+hν). The emission spectra correspond to the energy of the photons 
emitted during relaxation from the excited state to the ground state. Emission 
spectra were recorded in this thesis using an ISA–Jobin Yvon–SPEX–Horiba 
Fluorolog-3-111 fluorometer. 

Time correlated single photon counting (TCSPC),  is a widely used method 
for time-resolved emission measurements in the nanosecond or sub-
nanosecond time domains and was used to study emission decay kinetics. 
TCSPC allows time-resolved determination of the excited singlet state 
population in photochemical reactions. PicoQuant GmbH made the TCSPC 
system used for the measurements in this thesis. TCSPC system consists of a 
PicoHarp controller and a PDL-800-B driver. The exciting beam comes from a  
pulsed laser diode, LDH-P-C-485. 

Time-resolved spectroscopy was used to study the transient absorption 
spectra of the samples. In the pump-probe method, shown schematically in 
Figure 17, a short light pulse, in the range of 10 fs to 200 fs pulses, is used for 
monitoring the sample. The incoming pulse is split into two parts by a beam 
splitter, a semi-transparent mirror designated as M1. The reflected part is 
directed to mirror M2 and reflected to the sample. The part of the pulse that 
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goes directly to the sample excites the material and is called the excitation or 
pump pulse. The light that M1 reflects is passed through to a variable delay 
channel before hitting the sample. This is called the probe pulse and probes the 
electronic state of the sample at varying delays after excitation. In Figure 17 M2, 
M3 and M4 are 100% mirrors, and PD is a photo-detector. Numerous laser 
systems can provide light pulses in the range of femto- to picoseconds. In this 
thesis, a Libra F laser system from Coherent Inc was used to create light pulses 
of about 100 fs. 

 
Figure 17 Scheme of pump-probe experiments.[111] 
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5 Results and discussion 

In Publications I and II, we reported improvements in the separator and current 
collector of the SC, respectively. The supercapacitors reported in this thesis are 
optimized for IoT applications such as low-power wireless sensors. In contrast 
to many commercial supercapacitors, which can have many Farads of 
capacitance and show high peak currents, the key issues for printed energy 
storage include capacitance matched to energy input and energy demands of 
the system, maximum cycle life, low cost, and lack of toxic, corrosive or 
strategically problematic materials. All SCs reported in the thesis have non-
toxic aqueous electrolytes.  

5.1 Publication I 

In publication I, a novel printable separator material is developed and shown to 
improve the electrical properties of monolithic supercapacitors. The separator 
is made from sustainable biomaterials, chitosan, and microfibrillated cellulose 
(MFC) and can be deposited using printing and coating processes. The paper 
reports fully printed monolithic supercapacitors based on this separator. The 
thick films of graphite current collector and activated carbon electrode were 
deposited by screen printing. The separator was deposited by stencil printing 
due to the lower solid loading of the composite, which is frequently limited in 
nanostructured cellulosic materials. Further details of the monolithic 
supercapacitor architecture can be found in publication I. The SCs were 
fabricated on two different substrates; glass and PET.  

The separator in a monolithic SC must thoroughly cover the activated 
carbon electrodes and adhere well to them to the graphite ink and the substrate. 
Therefore, chitosan, MFC, and combinations of these two materials in different 
ratios were made, and films were deposited onto AC layers on glass and PET 
substrates. Pure MFC film was peeled easily from the glass substrate and also 
adhered poorly to AC. Chitosan showed good coverage and good adhesion to AC 
and the substrate, but many bubbles formed in the film because it penetrates 
the electrode and replaces air in the pores. The bubbles lead to holes in the film 
and can increase the risk of a short circuit. A film containing 20% chitosan 
solution and 80% MFC solution did not cover the AC uniformly. The film 
containing 80% chitosan solution and 20% MFC solution similarly forms 
bubbles, although the number of bubbles was less than for the pure chitosan. 
Figures of these films can be found in Publication I. The film containing 50% 
chitosan solution and 50% MFC solution (CM5050) covered the AC uniformly 
and formed almost no bubbles. It adheres very well to both substrates. Figure 
18 shows CM5050 film. The substrate is glass.  
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Figure 18 50%Chitosan solution+50% MFC solution film on the glass substrate. 

The pure chitosan film was deposited in multiple steps to enable the fabrication 
of films with a low incidence of bubbles. CM5050 was deposited in a single blade 
coating step and shows good adhesion with AC and substrate, and the quality of 
the film is sufficient to prevent short circuits and act as a separator in an SC. In 
this novel separator material, chitosan acts as a binder and adhesion promoter 
for MFC.  

The ionic conductivity across the separator layer was measured with 
impedance spectroscopy using 1 M NaCl as the electrolyte. Various separators 
were measured, including Dreamweaver paper, MFC film, chitosan film, and 
CM5050. The ionic conductivity values of these materials were 0.3 S/m, 1 S/m, 
0.38 S/m, and 0.9 S/m, respectively. The pure MFC film shows the highest ionic 
conductivity. However, CM5050 shows almost the same conductivity but forms 
a more homogenous film. These properties make CM5050 a good choice for a 
printable separator. 

Figure 19 shows SEM images of Dreamweaver paper, MFC, chitosan, and 
CM5050. The fiber structure is evident in MFC and CM5050. The images show 
that MFC is composed of smaller fibers than Dreamweaver. The images also 
show the bubbles on the chitosan surface, while almost no bubbles are visible 
on the CM5050 surface.  

Figure 20 shows an SC with CM5050 separator on glass substrate connected 
to the Maccor system for measurement. The supercapacitor types fabricated in 
this study are listed in Table 3. The SCs fabricated using the pure MFC separator 
formulation did not work due to poor adhesion after drying. 
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                                      a                                                                         b 

     
                                       c                                                                      d                                

Figure 19 SEM imaging of (a) Dreamweaver paper, (b) MFC, (c) Chitosan, (d) 
CM5050 (50 wt-%Chitosan+50 wt-% MFC)  

 
Figure 20 Monolithic supercapacitor with CM5050 separator connected with 

crocodile clips during measurement. 
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Table 3. Electrical properties of the supercapacitors. 

 Supercapacitor, 
Architectural structure, 

Substrate, Separator 

Capacit
ance 
(mF) 

ESR (Ω) Leakage 
current 

(µA) 

Specific 
leakage 
current 
(µAF-1) 

A Reference,  
laminated, PET, paper 

297 10.1 6.5 21 

B Reference, 
 laminated, glass, paper 

243 13.5 6.1 25 

C Monolithic, PET, paper 186 20.6 6.5 34 
D Monolithic, glass, paper 209 29 6.7 32 
E Monolithic, PET, 

chitosan 
259 15.8 7.3 28 

F Monolithic, glass, 
chitosan 

281 19.6 7.2 25 

G Monolithic, PET, 
CM5050 

269 14.9 6.9 26 

H Monolithic, glass, 
CM5050 

278 12.2 7.9 28 

I Monolithic, PET, 
CM5050 

Current collectors and 
electrodes screen 

printed 

315 12.7 8.1 26 

 

Supercapacitors A and B are reference SCs on PET and on glass, respectively. 
They are manufactured using the lamination method with Dreamweaver as a 
separator. C and D are the same as A and B, respectively, but C and D have a 
monolithic structure; the paper separator was manually placed on top of the 
first electrode before printing the upper electrode and current collector. C and 
D show, higher ESR and higher specific leakage current than A and B. 
Architectures E, F, G, and H, which use chitosan or CM5050 as separators, show 
lower ESR and lower leakage current per capacitance. I is the same as G, except 
that both the bottom and top electrodes and current collectors were deposited 
by screen printing. In contrast, the top layers were deposited by blade coating 
in architecture G.  

Compared to previously reported monolithic SCs [115][21], our 
supercapacitors have considerably lower leakage current per capacitance for 
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the voltage of 1.2 V. Figure 5 in publication I show the leakage current (µA)of 
the monolithic supercapacitors as a function of capacitance(mF) and an 
increase in leakage current with capacitance is observed. The CM5050 shows 
good ability as a separator, and it makes the printing procedure easier due to 
the easier separator film deposition.  

5.2 Publication II 
The next target in this research was to reduce the ESR of printed 
supercapacitors. While many applications related to the IoT only require quite 
low peak powers in the mW or less range, some wireless protocols, e.g., 
Bluetooth Low Energy (BLE), require peak powers in the 10s of mW range. For 
such applications, the ESR must not exceed a few Ohms to avoid excessive 
voltage drop.  In previous work, it was shown that the use of a metal current 
collector could enable low ESR values. However, the metal electrode was 
corroded over time by the salt solution electrolyte. Metal-free printed 
supercapacitors work well, but in previous work, it was impossible to reduce 
the ESR to values compatible with, e.g., BLE transmissions. In Publication II, two 
approaches to improving ESR are reported. In the first approach, the metal-free 
current collector was enhanced by the lamination of graphite foil in two 
thicknesses, 25 µm, and 150 µm. In the other approach, a highly dense graphite 
ink was used as a protective layer on top of an aluminum current collector.  The 
current collector should be highly conductive, and for the aqueous electrolyte 
ACs, it should be corrosion resistant. Details of the material can be found in 
publication II. Initially, an Al current collector was coated only with a layer of 
graphite using PF407C ink. This device failed already after one day due to 
corrosion. Figure 21 shows the corroded aluminum current collector two weeks 
after fabrication. Subsequently,  a different graphite ink, Electrodag 965 SS, was 
applied onto the Al current collector as a protective layer. This material covered 
Al smoothly and adhered well. Figure 22 shows a supercapacitor including a 
graphite film-protected Al current collector. This device showed no sign of 
corrosion after two and a half years (950 days), after which the experiment was 
halted.  
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Figure 21 Aluminum current collector supercapacitor corrosion after two weeks. 

 
Figure 22 The graphite film protected Al current collector supercapacitor. 

The supercapacitor, including an Al + dense graphite protective layer as the 
current collector, reduces the ESR more than 80% compared to the SC with only 
graphite ink current collector. The dense graphite protective layer drastically 
improved the durability of the device. 

The other approach to reducing ESR was to use graphite foils, which can 
reduce ESR while keeping the supercapacitor metal-free. Figure 23 shows 
cross-section and surface FIBSEM images of the supercapacitor layers. The 
devices were weighed immediately after fabrication and after two weeks. 
Measurement of the weight of the devices shows that the weight of the device, 
including thick graphite foil, decreases in 2 weeks, while the weight of the 
device, including a thin graphite film, was stable. As we can see in Figure 23, the 
thick graphite foil is quite porous, and the pores allow the electrolyte to 
evaporate. In contrast,  the thin graphite foil is dense and prevents electrolyte 
evaporation. Thus the device using this foil did not show a weight change. 
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Figure 23 Surface (left side) and cross-section (right side) FIBSEM images of (a) 

PF407C, (b) the thick graphite foil, (c) the thin graphite foil and (d) the 
protective graphite ink Electrodag 965SS. 
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Table 4 Shows the electrical performance of the SCs with different current 
collectors. The results shown in Table 4 are for the measurements performed 
on the same day that the SCs were made with different current collector.  

Table 4. Electrical properties of the supercapacitors.  

Current collector 
Of the 

Supercapacitors 

Capacitance 
(mF) 

ESR (Ω) Leakage 
current 

(µA) 

Specific 
Leakage 
current 
(µA/F) 

Reference(graphite 
ink only) 

309 9.7 8 26 

Thick Graphite foil 361 1.3 13.7 37 
Thin Graphite foil 326 1.3 10.8 33 

Aluminum + 
PF407C 

357 1.5 10.1 28 

Aluminum + 
Electrodag 965SS + 

PF407C 

272 2.1 7.8 29 

 

We can see that the ESR of the SCs with the improved current collector is clearly 
decreased. The leakage current of the Al SC is comparable with the reference 
SC, while the thick graphite foil SC shows a higher leakage current due to the 
porous structure. As discussed above, the thin foil is much less porous, and the 
leakage current is also somewhat lower. One possible reason for the higher 
leakage current in the porous current collector can be a combination of the 
porosity of and impurities in the graphite foil. Since the graphite is porous, the 
electrolyte can penetrate inside it, and thus it can easily reach the impurities. 
Also, oxygen can penetrate through the pores and increase the leakage current. 

The performance of the graphite foil SCs was observed for 45 days. The 
performance of the SC with a thin graphite foil current collector was more 
stable compared to the thick one, which is not surprising considering the 
evaporative loss of electrolyte through the thick foil.  

The supercapacitor comprising an Al current collector protected by 
graphite ink was measured over 950 days and showed no significant loss of 
performance or change in mass during this time. being quite stable during 950 
days. The details of the electrical properties of the Al SC over 950 days and 
graphite foil SCs over 45 days can be found in publication II.  
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5.3 Publication III 

Publications I and II reported improvements in printed supercapacitors.  
Publication III reports integrating a flexible polymer photovoltaic module and 
a monolithic supercapacitor module onto a single substrate by printing the 
supercapacitor onto the backside of the flexible PV module.  

Each single printed SC has a voltage limit of about 1V due to the 
electrochemical window of water and the need to minimize leakage current, so 
series-connected modules are needed for many applications. Series connected 
cells may be stacked vertically or arranged laterally [116]. Stacking is standard 
in the currently available commercial SCs modules.[117] In this work, flexible 
aqueous monolithic SC modules were printed, and the series-connected SC 
modules were printed laterally to make the manufacturing process low-cost, 
fast and straightforward. The SCs were printed on the backside of the OPV cells 
to create a monolithic energy module. The SCs are connected to the OPV cells 
using copper tape. The system uses normal indoor light for energy harvesting. 
A key aspect of the work was to test the stability of the OPV module under the 
processing conditions for supercapacitor fabrication, e.g. mechanical and 
thermal stresses.  

If the supercapacitors are to be printed on the backside of the OPV, the OPV 
module must withstand the temperature needed for curing the inks used in the 
supercapacitor. The OPV modules were characterized at the Faculty of 
Engineering and Natural Sciences at Tampere University by Arto Hiltunen 
according to the procedure published in III. Figure 24 shows the absorption 
spectra of the OPV before and after heat treatment, in 95 oC for 30 minutes. The 
heat treatment had almost no effect on the material of the solar cells. I-V 
characteristics of the OPV in dark and under irradiation, before and after the 
heat treatment show the performance of the OPV modules was the same before 
and after the heat treatment. The OPV can charge the SC up to 2 V, and it is 
controlled by turning the lamp on and off to charge the SC up to 1.2 V as well. 
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Figure 24 Absorption spectra of the OPV before and after heat treatment. 

The layouts of the first set of single and two series-connected SCs, using a paper 
separator,  are shown in Figure 25. In Figure 25, the current collector, AC, 
separator, the top layer of AC, and the top layer of the current collector are 
shown in red, black, blue, black, and green. The details of their layers 
dimensions can be found in publication III. The first step is printing a single SC 
onto the backside of the OPV. Figure 26 shows the single monolithic SC printed 
on the backside of the OPV. It was charged up to 1.2 V. The results of the 
measurements show the capacitance of the SC was 218 mF, ESR was 22 Ω, and 
leakage current was 8.3 µA. The specific leakage current is 38 µAF-1, and it is 
comparable with the electrical properties of the same SC with the same material 
and dimensions used in Publication I, sample C in Table 3. The supercapacitrs 
printed onto the backside of the PVs are the same as we used in publication I 
with the same electrical properties. The dimensions are kept the same, although 
rescaling causes no significant changes in the electrical properties of the SCs. 
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Figure 25  Layout pattern of the single monolithic supercapacitor (Left) and two 
series-coupled supercapacitors (Right). The current collector, AC, separator, top 

layer of AC, and the top layer of the current collector are shown in red, black, 
blue, black, and green. 

 
Figure 26 The single supercapacitor printed on the backside of the OPV. 

In the next step, the SC was charged using the output of the OPV module in 
typical room light up to 1.2 V, and the self-discharge of the SC was recorded. The 
light intensity during measurement was 5 mW/cm2. The lamps were specified 
to give a luminous flux of 806 lumens, which corresponds to a typical room light 
value. The charge and self-discharge curves of the single monolithic printed SC 
are shown in Figure 27. The bottom of Figure 27 shows the first two hours of 
the top curve. The voltage was kept constant at 1.2 V before starting the self-
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discharge phase. The self-discharge time was up to 5 days, which is a promising 
result for low-power devices for IoT. 

 

 
Figure 27 Charge and discharge curve of the single printed supercapacitor 

charged by OPV. 
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To increase the SC module's voltage limit,  series-connected supercapacitors 
with paper separators were printed on the backside of the OPV, as shown in 
Figure 28. The SC module was charged up to 2 V and characterized using the 
Maccor system. The capacitance was 93 mF, ESR 22 Ω and leakage current 47 
µA.  

The SC module was charged using OPV up to 2 V; Figure 29 shows the series-
connected module's charge and discharge curve. It was kept at 2 V for 1 h before 
starting the self-discharge phase. The bottom figure in Figure 29 shows the 
expansion of the initial three hours of the top curve. The 

 
Figure 28 The series-connected supercapacitors printed on the backside of the 

OPV.  

self-discharge voltage was recorded up to 90 hours and shows that a voltage of 
over 500 mV can be maintained for 90 hours despite the unexpectedly large 
leakage current. 
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Figure 29 Charge and discharge curve of the series printed supercapacitor with 

paper separator charged by OPV. 

Subsequently, we made a series-connected supercapacitor module using the 
novel separator reported in Publication I, CM5050. The module was printed 
onto the backside of the OPV. The SC electrical properties were first measured 
using the Maccor interface using charging up to 2 V. The capacitance, ESR, and 
leakage current of the SC module were 125 mF, 56 Ω, and 7.4 µA. These results 
are consistent with similar single-cell performance parameters as those shown 
by architecture G in table 3 of Publication I with the same leakage current per 
capacitance, 26 µAF-1. Figure 30 shows the charge and discharge curves of the 
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series-connected SC module when the module is charged up to 2 V using the 
OPV module under the same illumination conditions as described above. The 
module was held at 2 V for 1 h. The bottom image in Figure 30 shows an 
expansion of the beginning of the top curve. 

 

 
Figure 30 Charge and discharge curve of the series printed supercapacitor with 

CM5050 separator charged by OPV. 
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The self-discharge voltage is reported up to 90 h. As Figure 30 shows, after 90 
h, the module's voltage is still about 1000 mV, which indicates that the energy 
module can be suitable for IoT applications. 

5.4 Publication IV 

The research topic of publication IV is achieving a better understanding of 
electron transfer between different materials, an essential mechanism for 
operational solar cells. The QDs of size 2.8 – 5.3 nm were labeled Q1 to Q5, 
where the QD1 is the smallest, and QD5 is the largest QD. The hybrid system 
studied in this work is the combination of each QD with a chemically attached 
Pc. Initially,  differential pulse voltammetry (DPV) was measured for each QD 
and the Pc used in the hybrids. Figure 31 shows a Differential Pulse 
Voltammogram of QD1.  

 
Figure 31 DPV of QD1. In the figure on the left, BG fw/bw refers to background 
scan in forward and backward directions , QD1 fw/bw to the scans of QD1 in 

forward and reverse direction, and  QD1-Fc fw/bw to the forward and reverse 
scans of QD1 plus Fc. The table on the right shows the reduction and oxidation 
potentials obtained by the DPV scans for QD1 versus Fc/Fc+ and vacuum level. 

The DPV measurement results of the other QDs and Pc can be found in 
supplementary materials of Publication IV.  

Subsequently, the absorption spectra of the QDs and Pc were measured and 
are shown in  Figure 32 The bandgap of the QDs can be estimated from the 
results of the DPV measurements and absorption spectra; these values are 
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shown in Figure 33. The results are comparable to results reported on the CdSe 
quantum dots by Jasieniak.[118] 

QD-dye hybrids were formed by mixing the quantum dots and PC dye at a 
range of relative concentrations in solution. Both carboxylic acid and thiol 
functionalized phthalocyanines were tested, but the thiol moiety was found to 
quench the QD emission. As a result, further measurements were all performed 
using carboxylic acid as the attachment group.  

 
Figure 32 Normalized emission spectra of the QDs and normalized absorption 

spectrum of Pc. 
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Figure 33 Bandgaps of QDs. 

Figure 34 shows emission spectra of QD and QD-Pc hybrid when the QD is 
excited with 438 nm light. Here the results of the measurements of QD3 are 
shown; the results for the other systems can be found inpublication IV. The 
concentration of Pc relative to the concentration of QD was varied 
systematically to study the quenching effect of the dye. As can be seen in the 
figure, the quantum dot emission is quenched by adding more Pc, although the 
position and the shape of the spectra remain the same. A steady increase in Pc 
emission intensity would be expected in the case of a simple energy transfer 
mechanism between QD and Pc. However, in these results, we can observe such 
an effect only up to a QD : Pc ratio of 1:3. For QD : Pc ratio of 1:6 and 1:10, the 
emission intensity of Pc decreases.  

The first time-resolved measurement performed on the samples was TCSPC 
to measure lifetimes of the pure QDs, pure Pc, and the hybrid. Figure 35 shows 
the QD3, and QD3-Pc hybrid emission decays at varying quantum dot ratios to 
dye concentration. Results of the other QDs were comparable with QD3 and can 
be found in publication IV. The QD was excited in these measurements, and 
emission was monitored at 600 nm. To measure the lifetime of pure Pc, it was 
excited at 650 nm, and emission was monitored at 710 nm. The fluorescence 
decay of the pure Pc sample was a mono-exponential with a lifetime of 5.43 ns. 
Results for the pure QD and QD-Pc samples were multi-exponential. As 
phthalocyanine concentration increases, the shortest lifetime decreases 
significantly while the longest one remains almost constant. Also, the relative 
intensity of the fast decay component increases with Pc concentration. This 
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demonstrates clearly that the Pc quenches QD emission. As Pc concentration 
increases, the number of QDs without Pc attached decreases; the long-lived 
components of emission correspond to the undecorated QDs.  

 
Figure 34 Emission spectra of the QD3 and QD3–Pc hybrids at different relative 

Pc concentrations (indicated in the plot). The QD get excited. 

 
Figure 35 Emission decays of QD3 and QD3–Pc samples at 600 nm. The 

excitation wavelength is 483 nm. 
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The fast component not only increases with increasing Pc concentration; in 
addition, its average time constant decreases since statistically, more 
quenchers are attached to each QD.  

The emission spectroscopy results and emission decay using TCSPC show 
the interaction between QD and Pc in the hybrid. However, the results do not 
indicate whether the interaction mechanism is energy transfer or electron 
transfer; this is a crucial issue to resolve since charge separation is critical to 
efficient photovoltaic operation and other potential uses of such hybrid 
systems. As mentioned in Chapter 3, the diameter of the CdSe quantum dots 
used in this work ranged from 2.8 to 5.3 nm.  According to the Förster energy 
transfer mechanism, the energy transfer follows a power six dependence on the 
distance R. To calculate R in these hybrids, we use the distance from the center 
of the quantum dot to the center of the dye molecule. Applying the Förster 
model to the hybrids would predict a quenching ratio between the largest (5) 
and smallest (1) is calculated by the following equation 

  (R5/R1)6 = (3.7/2.4)6 = 13  Equation 13 

To calculate R in these hybrids, we use the distance from the center of the 
quantum dot to the center of the dye molecule. The measurements show the 
quenching ratio is 3.    

Another possible mechanism to explain the interaction between QD and Pc 
is charge transfer. To better understand possible electron transfer in the hybrid, 
pump-probe spectroscopy was used to measure transient absorption spectra. 
The details of the transient absorption spectra and their analyses for the QD-Pc 
hybrid for all different QD sizes are explained in publication IV  and its 
supplementary materials. For transient absorption measurements, the QD:Pc 
ratio of the samples is 1 : 7. Pc's absorbance is less than 5% of that of QDs for 
all samples at the excitation wavelength of 480 nm, at which the QD absorbs 
light preferentially. 

The results of the measurements were fitted using a model with five 
exponential lifetimes. The details of the results are presented in the 
supplementary material of Publication IV. Transient absorption measurements 
of a pure Pc can be found in publication IV. 

We discuss the results here briefly;  more detail can be found in Publication 
IV. The comparison of the pure QD and QD-Pc hybrids' transient absorption 
spectra indicates a mechanism of interaction between QD and Pc. The fast decay 
component results from the thermal relaxation of the system; this component 
is not relevant to this study. The following fast component has a time constant 
of 450–480 ps. This fast component corresponds to 90% of the population. The 
remaining 10% decayed with a five ns time constant and can be attributed to 
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monomeric Pc molecules. The study of the decay of the component and 
relaxation of the system shows QD ground state is not fully recovered when Pc 
becomes involved in excitation relaxation.       

There is no correlation between the recoveries of QDs and Pc ground state 
absorption for longer delay time. The charge transfer mechanism does not 
return the QD to the ground state and does not contradict the partial recovery 
of QD ground state absorption. Therefore the interaction between QD and Pc 
should result in the formation of the Pc singlet excited state. The same sample 
results using an excitation wavelength of 690 nm to excite Pc preferentially 
show no interaction between QD and Pc. Furthermore, the DPV results indicate 
that the conduction bands (CB) of the QDs lie lower than the LUMO of Pc. Thus, 
there does not appear to be electron transfer from the LUMO of the Pc to the QD 
conduction band. Based on the fact that the LUMO of Pc is at the largest QD CB 
level and considering band gap energies from the absorption spectra of QDs and 
Pc, we propose that hole transfer occurs from the valence band (VB) of the QD 
to the HOMO of the Pc. Figure 36 shows a schematic representation of the 
photoinduced hole transfer between QD and Pc. 

 
Figure 36 schematic of the hole transfer in QD-Pc hybrid when QD get excited. 

Therefore, Equation 11 is the mechanism of interaction of photoexcited QDs 
with Pc 

 QD*+Pc   → QD-+Pc Equation 14 

If charge transfer were from the Pc excited state, from the LUMO of Pc to the CB 
of QD, an opposite dependence on QDs size would be expected because for 
smaller QD the driving force would be smaller, and thus electron transfer would 
be slower. To summarize, our results indicate that charge separation indeed 
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occurs in QD–Pc hybrids and that it requires photo-excitation of the QDs, after 
which hole transfer takes place from the photoexcited QD to Pc. 
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6 Summary and conclusion 

Supercapacitors have a wide range of applications. In distributed sensors and  
IoT, they can be beneficial due to low cost,  high cycle life, and non-toxic 
materials utilization. Supercapacitors enable sensors to continue operating 
when the primary energy source is cut off. We will have a considerable amount 
of connected sensors as the IoT is rapidly growing in the near future. As 
discussed in the Introduction, powering such a huge number of distributed 
sensors by batteries leads to significant issues with recycling and end of life. 
Supercapacitors, including only non-toxic materials, are promising candidates 
for energy storage. 

One research goal of this thesis was to fabricate flexible printed monolithic 
supercapacitors from different materials and improve the ESR value of 
monolithic supercapacitors. Monolithic supercapacitors can enable easy and 
fast manufacturing and system integration compared to laminated SCs.  

ESR and leakage current values of monolithic SCs are previously reported 
to be higher than in laminated SCs. By developing a novel solution processible 
separator based on chitosan and microfibrillated cellulose, we could reduce the 
ESR and leakage current to be comparable to laminated devices. The novel 
separator material, CM5050, enables the SCs to be fully printable and, as a 
consequence, enhances the potential of industrial-scale manufacturing.  The 
state of art in the thesis is clearly advanced by introducing a fully printable 
monolithic supercapacitor whose electrical properties are improved 
significantly compared to the previously reported results, and which are to 
those of laminated SCs. 

A further advance in the state of the art is the improvement of the electrical 
performance of environmentally friendly, flexible, and fully printed laminated 
SCs by the use of graphite foils and graphite-coated Al current collectors. This led 
to remarkable improvements in  ESR. To make the Al current collectors durable 
and corrosion-resistant, a protective layer of dense graphite ink was applied on 
top of the Al. These devices were found to have a lifetime of at least 950 days.   

A further research goal of this work was the fabrication of a flexible energy 
module by integrating monolithic supercapacitor modules and flexible 
photovoltaic modules into a monolithic, flexible energy module. The module 
was fabricated by printing the series-connected supercapacitor module onto 
the backside of the OPV module. The energy modules can harvest energy under 
typical indoor light conditions and store energy for several days. These results 
indicate that the module can generate sufficient power to operate energy-
autonomous electronics such as wireless sensors or Internet of Things devices. 
It was furthermore shown that the energy storage could be fully printed by 
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fabricating a monolithic series-connected supercapacitor module incorporating 
the printable biomaterials-based separator reported in Publication I. This 
represents a significant advance in state of the art and offers a practical 
architecture and monolithic integration process for energy modules to power 
remote devices.  

After showing in Publications I-III that light-harvesting combined with 
printed supercapacitors is a viable means of providing energy to distributed 
electronics, the goal of the last part of this thesis was to study new systems to 
enhance the efficiency of light-harvesting. As discussed in the Introduction, 
dye/QD hybrids have been identified as potentially high-efficiency materials for 
light-harvesting. This part of the thesis reports a study on photoinduced electron 
and energy transfer between hybrid complexes of CdSe quantum dots and 
functionalized phthalocyanine dye, Pc. Such hybrids have been proposed for 
advanced photovoltaic cells. An understanding of photo-induced energy and 
charge transfer is necessary to assess the suitability of a hybrid system for the 
conversion of light to electricity. The electrochemical measurements and 
advanced photophysical characterization methods indicate hole transfer from 
the valence band of the excited quantum dot to the HOMO of the Pc dye. This was 
an unexpected and novel result and increased understanding of photophysical 
processes in photoligand-quantum dot hybrids. More recently, advances in both 
perovskite PV and non-fullerene acceptors in organic bulk heterojunction cells 
have been significant enough that phthalocyanine-quantum dot hybrids are 
unlikely to be implemented in high-efficiencyt PV cells.[65,67,71]  

There are still numerous future challenges to be addressed. One challenge 
is to move from batch processing to fully printed fabrication, and later also roll 
to roll manufacturing of both the components and energy modules, including 
printing on both sides of the roll and integration to sensor nodes. To enable 
smaller energy modules, more efficient PV technologies and their integration 
with SCs should be studied. Perovskite-based PV has recently overtaken QD-
dye hybrids, so that future work should concentrate more on perovskites or 
recently improved polymer bulk heterojunctions. Preliminary studies of 
integration of perovskite PV and supercaps have started.[119] New, low-cost, 
and non-toxic electrolytes and compatible inks need to be developed to expand 
the voltage and temperature range of flexible printed SCs. Besides, a different 
future topic could include improved sealant and barrier materials, especially 
compatible with R2R processing, to enable low-cost production of highly 
durable and reliable energy storage devices.   In any case, the work reported in 
this doctoral thesis shows that sustainable energy supplies for distributed 
sensors and IoT devices are realistic and can be made flexible through printed 
electronics.  
  



54 

References 

[1] H. Jayakumar, A. Raha, Y. Kim, S. Sutar, W.S. Lee, V. Raghunathan, Energy-efficient system 
design for IoT devices, in: 2016 21st Asia South Pacific Des. Autom. Conf., IEEE, 2016: pp. 
298–301. https://doi.org/10.1109/ASPDAC.2016.7428027. 

[2] IoT connected devices worldwide 2019-2030 | Statista, (n.d.). 
https://www.statista.com/statistics/1183457/iot-connected-devices-worldwide/ 
(accessed August 4, 2021). 

[3] L. Roselli, C. Mariotti, P. Mezzanotte, F. Alimenti, G. Orecchini, M. Virili, N.B. Carvalho, 
Review of the present technologies concurrently contributing to the implementation of the 
Internet of Things (IoT) paradigm: RFID, Green Electronics, WPT and Energy Harvesting, 
2015 IEEE Top. Conf. Wirel. Sensors Sens. Networks, WiSNet 2015. (2015) 1–3. 
https://doi.org/10.1109/WISNET.2015.7127402. 

[4] Key World Energy Statistics 2019, Int. Energy Agency. (2019). 
https://webstore.iea.org/key-world-energy-statistics-2019. 

[5] A. Berrueta, A. Ursua, I.S. Martin, A. Eftekhari, P. Sanchis, Supercapacitors: Electrical 
Characteristics, Modeling, Applications, and Future Trends, IEEE Access. 7 (2019) 50869–
50896. https://doi.org/10.1109/ACCESS.2019.2908558. 

[6] Andrey Somov, Powering IoT Devices: Technologies and Opportunities - IEEE Internet of 
Things, (n.d.). https://iot.ieee.org/newsletter/november-2015/powering-iot-devices-
technologies-and-opportunities.html (accessed May 22, 2019). 

[7] P. Kamalinejad, C. Mahapatra, Z. Sheng, S. Mirabbasi, V.C. Victor, Y.L. Guan, Wireless energy 
harvesting for the Internet of Things, IEEE Commun. Mag. 53 (2015) 102–108. 
https://doi.org/10.1109/MCOM.2015.7120024. 

[8] T.D. Nielsen, C. Cruickshank, S. Foged, J. Thorsen, F.C. Krebs, Business, market and 
intellectual property analysis of polymer solar cells, Sol. Energy Mater. Sol. Cells. 94 (2010) 
1553–1571. https://doi.org/10.1016/j.solmat.2010.04.074. 

[9] J. Keskinen, Supercapacitors on Flexible Substrates for Energy Autonomous Electronics, 
2018. https://tutcris.tut.fi/portal/files/16507476/keskinen_1562.pdf (accessed May 22, 
2019). 

[10] C. Rokaya, P. Schaeffner, S. Tuukkanen, J. Keskinen, D. Lupo, Motion energy harvesting and 
storage system including printed piezoelectric film and supercapacitor, 2019 IEEE Int. 
Flex. Electron. Technol. Conf. IFETC 2019. (2019). 
https://doi.org/10.1109/IFETC46817.2019.9073717. 

[11] D. Lupo, J. Keskinen, J. Taavela, H. Sirén, J. Virtanen, M. Mäntysalo, Flexible temperature 
logger powered by solar cell and supercapacitor, 12 (2020) 40146. 

[12] R. Schrader, T. Ax, C. Röhrig, C. Fühner, Advertising power consumption of bluetooth low 
energy systems, 2016 IEEE 3rd Int. Symp. Wirel. Syst. within IEEE Int. Conf. Intell. Data 
Acquis. Adv. Comput. Syst. IDAACS-SWS 2016 - Proc. (2017) 62–68. 
https://doi.org/10.1109/IDAACS-SWS.2016.7805787. 



55 

[13] E. Worrell, M.A. Reuter, Recycling: A Key Factor for Resource Efficiency, Handb. Recycl. 
State-of-the-Art Pract. Anal. Sci. (2014) 3–8. https://doi.org/10.1016/B978-0-12-396459-
5.00001-5. 

[14] C.P. Bergmann, Topics in Mining, Metallurgy ans Materials Engineering. Electronic Waste 
Recycling Techniques, 2015. 

[15] M. Kaempgen, C.K. Chan, J. Ma, Y. Cui, G. Gruner, Printable thin film supercapacitors using 
single-walled carbon nanotubes, Nano Lett. 9 (2009) 1872–1876. 
https://doi.org/10.1021/nl8038579. 

[16] J.S. Sagu, N. York, D. Southee, K.G.U. Wijayantha, Printed electrodes for flexible, light-weight 
solid-state supercapacitors - A feasibility study, Circuit World. 41 (2015) 80–86. 
https://doi.org/10.1108/CW-01-2015-0004. 

[17] S. Lehtimäki, A. Railanmaa, J. Keskinen, M. Kujala, S. Tuukkanen, D. Lupo, Performance, 
stability and operation voltage optimization of screen-printed aqueous supercapacitors, 
Sci. Rep. 7 (2017) 1–9. https://doi.org/10.1038/srep46001. 

[18] D.P. Hagberg, J.H. Yum, H.J. Lee, F. De Angelis, T. Marinado, K.M. Karlsson, R. Humphry-
Baker, L. Sun, A. Hagfeldt, M. Grätzel, M.K. Nazeeruddin, Molecular engineering of organic 
sensitizers for dye-sensitized solar cell applications, J. Am. Chem. Soc. 130 (2008) 6259–
6266. https://doi.org/10.1021/ja800066y. 

[19] M.K. Nazeeruddin, E. Baranoff, M. Grätzel, Dye-sensitized solar cells: A brief overview, Sol. 
Energy. 85 (2011) 1172–1178. https://doi.org/10.1016/j.solener.2011.01.018. 

[20] S. Hao, J. Wu, Y. Huang, J. Lin, Natural dyes as photosensitizers for dye-sensitized solar cell, 
Sol. Energy. 80 (2006) 209–214. https://doi.org/10.1016/j.solener.2005.05.009. 

[21] B.E. Conway, Electrochemical supercapacitors : scientific fundamentals and technological 
applications, Plenum Press, 1999. 

[22] R. Kötz, M. Carlen, Principles and applications of electrochemical capacitors, Electrochim. 
Acta. 45 (2000) 2483–2498. https://doi.org/10.1016/S0013-4686(00)00354-6. 

[23] H. Helmholtz, Studien über electrische Grenzschichten, Ann. Phys. 243 (1879) 337–382. 

[24] A. González, E. Goikolea, J.A. Barrena, R. Mysyk, Review on supercapacitors: Technologies 
and materials, Renew. Sustain. Energy Rev. 58 (2016) 1189–1206. 
https://doi.org/10.1016/j.rser.2015.12.249. 

[25] F. Béguin, E. Frąckowiak, Supercapacitors : materials, systems, and applications, Wiley-
VCH, 2013. 

[26] H. Wang, L. Pilon, Accurate simulations of electric double layer capacitance of 
ultramicroelectrodes, J. Phys. Chem. C. 115 (2011) 16711–16719. 
https://doi.org/10.1021/jp204498e. 

[27] H.O. Stern, The theory of the electrolytic double–layer, Zeitschrift Für Elektrochemie Und 
Angew. Phys. Chemie. 30 (1924) 508–516. 

[28] N. Zhao, S. Wu, C. He, C. Shi, E. Liu, X. Du, J. Li, Hierarchical porous carbon with graphitic 
structure synthesized by a water soluble template method, Mater. Lett. 87 (2012) 77–79. 
https://doi.org/10.1016/j.matlet.2012.07.085. 



56 

[29] A.G. Pandolfo, A.F. Hollenkamp, Carbon properties and their role in supercapacitors, J. 
Power Sources. 157 (2006) 11–27. https://doi.org/10.1016/J.JPOWSOUR.2006.02.065. 

[30] D.K. Kinoshita, Electrochemical Oxygen Technology, John Wiley & Sons, 1992. 

[31] S. Lehtimäki, S. Tuukkanen, J. Pörhönen, P. Moilanen, J. Virtanen, M. Honkanen, D. Lupo, 
Low-cost, solution processable carbon nanotube supercapacitors and their 
characterization, Appl. Phys. A Mater. Sci. Process. 117 (2014) 1329–1334. 
https://doi.org/10.1007/s00339-014-8547-4. 

[32] F.R.R. Harry Marsh, Activated Carbon, Elsevier Science, Oxford, 2006. 

[33] M. Sevilla, R. Mokaya, Energy storage applications of activated carbons: Supercapacitors 
and hydrogen storage, Energy Environ. Sci. 7 (2014) 1250–1280. 
https://doi.org/10.1039/c3ee43525c. 

[34] E. Frackowiak, Q. Abbas, F. Béguin, Carbon/carbon supercapacitors, J. Energy Chem. 22 
(2013) 226–240. https://doi.org/10.1016/S2095-4956(13)60028-5. 

[35] L. Weinstein, R. Dash, Supercapacitor carbons: Have exotic carbons failed?, Mater. Today. 
16 (2013) 356–357. https://doi.org/10.1016/j.mattod.2013.09.005. 

[36] A. Berrueta, I. San Martín, A. Hernández, A. Ursúa, P. Sanchis, Electro-thermal modelling of 
a supercapacitor and experimental validation, J. Power Sources. 259 (2014) 154–165. 
https://doi.org/10.1016/j.jpowsour.2014.02.089. 

[37] J. Chmiola, G. Yushin, Y. Gogotsi, C. Portet, P. Simon, P.L. Taberna, Anomalous increase in 
carbon at pore sizes less than 1 nanometer, Science (80-. ). 313 (2006) 1760–1763. 
https://doi.org/10.1126/science.1132195. 

[38] W. Gu, G. Yushin, Review of nanostructured carbon materials for electrochemical capacitor 
applications: Advantages and limitations of activated carbon, carbide-derived carbon, 
zeolite-templated carbon, carbon aerogels, carbon nanotubes, onion-like carbon, and 
graphene, Wiley Interdiscip. Rev. Energy Environ. 3 (2014) 424–473. 
https://doi.org/10.1002/wene.102. 

[39] C. Zhong, Y. Deng, W. Hu, J. Qiao, L. Zhang, J. Zhang, A review of electrolyte materials and 
compositions for electrochemical supercapacitors, Chem. Soc. Rev. 44 (2015) 7484–7539. 
https://doi.org/10.1039/c5cs00303b. 

[40] S. Lehtimäki, Printed Supercapacitors for Energy Harvesting Applications, Tampere 
University of Technology, 2017. https://tutcris.tut.fi/portal/en/publications/printed-
supercapacitors-for-energy-harvesting-applications(a7aeea33-1d5f-4f33-8dbc-
437cc81a9cbe)/export.html. 

[41] M. Aulice Scibioh B. Viswanathan, Materials for Supercapacitor Applications 1st Edition, 
Elsevier, 2020. 

[42] P. Simon, Y. Gogotsi, Materials for electrochemical capacitors, Nat. Mater. 7 (2008) 845–
854. https://doi.org/10.1038/nmat2297. 

[43] Fuel Cell Science and Engineering High Energy Density Lithium Batteries Principles and 
Applications of Lithium Secondary Batteries Lithium Ion Rechargeable Batteries 



57 

Electrochemical Technologies for Energy Storage and Conversion, Wiley-VCH Verlag 
GmbH & C, Weinheim, Germany, 2013. 

[44] C.C. Yang, S.T. Hsu, W.C. Chien, All solid-state electric double-layer capacitors based on 
alkaline polyvinyl alcohol polymer electrolytes, J. Power Sources. 152 (2005) 303–310. 
https://doi.org/10.1016/j.jpowsour.2005.03.004. 

[45] A. Railanmaa, S. Lehtimäki, D. Lupo, Comparison of starch and gelatin hydrogels for non-
toxic supercapacitor electrolytes, Appl. Phys. A Mater. Sci. Process. 123 (2017). 
https://doi.org/10.1007/s00339-017-1068-1. 

[46] P. Simon, Y. Gogotsi, B. Dunn, Where Do Batteries End and Supercapacitors Begin?, Sci. 
Mag. 343 (2014) 1210–1211. https://doi.org/10.1126/science.1249625ï. 

[47] M. Winter, R.J. Brodd, What are batteries, fuel cells, and supercapacitors?, Chem. Rev. 104 
(2004) 4245–4269. https://doi.org/10.1021/cr020730k. 

[48] Materials for Supercapacitor Applications - 1st Edition, (n.d.). 
https://www.elsevier.com/books/materials-for-supercapacitor-
applications/scibioh/978-0-12-819858-2 (accessed January 11, 2021). 

[49] K. Smith, Y. Shi, S. Santhanagopalan, Degradation mechanisms and lifetime prediction for 
lithium-ion batteries - A control perspective, Proc. Am. Control Conf. 2015-July (2015) 
728–730. https://doi.org/10.1109/ACC.2015.7170820. 

[50] J.M. Miller, Ultracapacitor Applications (Energy Engineering), The Institution of 
Engineering and Technology, 2011. 

[51] M. Conte, A. Genovese, F. Ortenzi, F. Vellucci, Hybrid battery-supercapacitor storage for an 
electric forklift: A life-cycle cost assessment, J. Appl. Electrochem. 44 (2014) 523–532. 
https://doi.org/10.1007/s10800-014-0669-z. 

[52] J.Z. Aiping Yu, Victor Chabot, Electrochemical Supercapacitors for Energy Storage and 
Delivery, Fundamentals and Applications, CRC Press, Florida, USA, 2013. 

[53] S.I. Fletcher, F.B. Sillars, R.C. Carter, A.J. Cruden, M. Mirzaeian, N.E. Hudson, J.A. Parkinson, 
P.J. Hall, The effects of temperature on the performance of electrochemical double layer 
capacitors, J. Power Sources. 195 (2010) 7484–7488. 
https://doi.org/10.1016/j.jpowsour.2010.05.043. 

[54] R. Kötz, M. Hahn, R. Gallay, Temperature behavior and impedance fundamentals of 
supercapacitors, J. Power Sources. 154 (2006) 550–555. 
https://doi.org/10.1016/j.jpowsour.2005.10.048. 

[55] O. Bohlen, J. Kowal, Dirk Uwe Sauer, Ageing behaviour of electrochemical double layer 
capacitors. Part II. Lifetime simulation model for dynamic applications, J. Power Sources. 
173 (2007) 626–632. https://doi.org/10.1016/j.jpowsour.2007.07.059. 

[56] H.A. Andreas, Self-Discharge in Electrochemical Capacitors: A Perspective Article, J. 
Electrochem. Soc. 162 (2015) A5047–A5053. https://doi.org/10.1149/2.0081505jes. 

[57] B.E. Conway, W.G. Pell, T.C. Liu, Diagnostic analyses for mechanisms of self-discharge of 
electrochemical capacitors and batteries, J. Power Sources. 65 (1997) 53–59. 
https://doi.org/10.1016/S0378-7753(97)02468-3. 



58 

[58] W.G.P. Jianjun Niu, Brian E. Conway, Comparative studies of self-discharge by potential 
decay and float-current measurements at C double-layer capacitor and battery electrodes, 
J. Power Sources. 135 (2014) 332–343. 

[59] M. He, K. Fic, E. Frackowiak, P. Novák, E.J. Berg, Ageing phenomena in high-voltage aqueous 
supercapacitors investigated by in situ gas analysis, Energy Environ. Sci. 9 (2016) 623–
633. https://doi.org/10.1039/c5ee02875b. 

[60] P. Ratajczak, K. Jurewicz, F. Béguin, Factors contributing to ageing of high voltage 
carbon/carbon supercapacitors in salt aqueous electrolyte, J. Appl. Electrochem. 44 (2014) 
475–480. https://doi.org/10.1007/s10800-013-0644-0. 

[61] H. Gualous, H. Chaoui, R. Gallay, Supercapacitor calendar aging for telecommunication 
applications, INTELEC, Int. Telecommun. Energy Conf. 2016-Novem (2016) 1–5. 
https://doi.org/10.1109/INTLEC.2016.7749135. 

[62] P. Council, D. Review, Population , Economic Growth , and Energy Demand , 1985-2020 
Author ( s ): Bernard Gilland Source : Population and Development Review , Vol . 14 , No . 
2 ( Jun ., 1988 ), pp . 233-244 Published by : Population Council Stable URL : 
https://www.jstor.org/st, 14 (2020) 233–244. 

[63] T.D. Lee, A.U. Ebong, A review of thin film solar cell technologies and challenges, Renew. 
Sustain. Energy Rev. 70 (2017) 1286–1297. https://doi.org/10.1016/j.rser.2016.12.028. 

[64] K.L. Chopra, P.D. Paulson, V. Dutta, Thin-film solar cells: an overview, Prog. Photovoltaics 
Res. Appl. 12 (2004) 69–92. https://doi.org/10.1002/pip.541. 

[65] W.J.E. Beek, M.M. Wienk, M. Kemerink, X. Yang, R.A.J. Janssen, Hybrid zinc oxide conjugated 
polymer bulk heterojunction solar cells, J. Phys. Chem. B. 109 (2005) 9505–9516. 
https://doi.org/10.1021/jp050745x. 

[66] M.M. Koetse, J. Sweelssen, K.T. Hoekerd, H.F.M. Schoo, S.C. Veenstra, J.M. Kroon, X. Yang, J. 
Loos, Efficient polymer: Polymer bulk heterojunction solar cells, Appl. Phys. Lett. 88 
(2006) 88–91. https://doi.org/10.1063/1.2176863. 

[67] A. Dubey, N. Adhikari, S. Mabrouk, F. Wu, K. Chen, S. Yang, Q. Qiao, A strategic review on 
processing routes towards highly efficient perovskite solar cells, J. Mater. Chem. A. 6 
(2018) 2406–2431. https://doi.org/10.1039/c7ta08277k. 

[68] H. Hoppe, N.S. Sariciftci, Organic solar cells: An overview, J. Mater. Res. 19 (2004) 1924–
1945. https://doi.org/10.1557/JMR.2004.0252. 

[69] Photovoltaic Market by Component, Installation Type, Application | COVID-19 Impact 
Analysis | MarketsandMarketsTM, (n.d.). https://www.marketsandmarkets.com/Market-
Reports/building-integrated-photovoltaic-market-
428.html?gclid=Cj0KCQiA0MD_BRCTARIsADXoopZ3Lhj0TgtrXxER7s0f4GTjPydSNFn8SG
ceui9Op6vq8z8QIBs9zaEaAmcWEALw_wcB (accessed January 2, 2021). 

[70] I.E.A. Pvps, Snapshot of space, Br. J. Surg. 107 (2020) 969. 
https://doi.org/10.1002/bjs.11473. 

[71] G. Nisato, D. Lupo, S. Ganz, Organic and Printed Electronics, n.d. 



59 

[72] M. Wright, A. Uddin, Organic-inorganic hybrid solar cells: A comparative review, Sol. 
Energy Mater. Sol. Cells. 107 (2012) 87–111. 
https://doi.org/10.1016/j.solmat.2012.07.006. 

[73] S. Ren, L.Y. Chang, S.K. Lim, J. Zhao, M. Smith, N. Zhao, V. Bulović, M. Bawendi, S. Gradečak, 
Inorganic-organic hybrid solar cell: Bridging quantum dots to conjugated polymer 
nanowires, Nano Lett. 11 (2011) 3998–4002. https://doi.org/10.1021/nl202435t. 

[74] B.O.& M. Grätzel, A low-cost, high-efficiency solar cell based on dye-sensitized colloidal 
TiO2 films, Nature. 353 (1991) 737–740. 

[75] A.A.& E.H. Sargent, Hybrid passivated colloidal quantum dot solids, Nat. Nanotechnol. Vol. 
7 (2012) 577–582. 

[76] G.H. Carey, A.L. Abdelhady, Z. Ning, S.M. Thon, O.M. Bakr, E.H. Sargent, Colloidal Quantum 
Dot Solar Cells, Chem. Rev. 115 (2015) 12732–12763. 
https://doi.org/10.1021/acs.chemrev.5b00063. 

[77] M. Kouhnavard, S. Ikeda, N.A. Ludin, N.B. Ahmad Khairudin, B. V. Ghaffari, M.A. Mat-Teridi, 
M.A. Ibrahim, S. Sepeai, K. Sopian, A review of semiconductor materials as sensitizers for 
quantum dot-sensitized solar cells, Renew. Sustain. Energy Rev. 37 (2014) 397–407. 
https://doi.org/10.1016/j.rser.2014.05.023. 

[78] L.J. Diguna, Q. Shen, J. Kobayashi, T. Toyoda, High efficiency of CdSe quantum-dot-
sensitized Ti O2 inverse opal solar cells, Appl. Phys. Lett. 91 (2007). 
https://doi.org/10.1063/1.2757130. 

[79] Y. Tamai, H. Ohkita, H. Benten, S. Ito, Exciton Diffusion in Conjugated Polymers: From 
Fundamental Understanding to Improvement in Photovoltaic Conversion Efficiency, J. 
Phys. Chem. Lett. 6 (2015) 3417–3428. https://doi.org/10.1021/acs.jpclett.5b01147. 

[80] M.C. Scharber, N.S. Sariciftci, Efficiency of bulk-heterojunction organic solar cells, Prog. 
Polym. Sci. 38 (2013) 1929–1940. https://doi.org/10.1016/j.progpolymsci.2013.05.001. 

[81] W.F. Sariciftci NS, Smilowitz L, Heeger AJ, Photoinduced electron transfer from a 
conducting polymer to buckminsterfullerene, Science (80-. ). 258 (1992). 
https://doi.org/10.1126/science.258.5087.1474. 

[82] F. Giustino, H.J. Snaith, Toward Lead-Free Perovskite Solar Cells, ACS Energy Lett. 1 (2016) 
1233–1240. https://doi.org/10.1021/acsenergylett.6b00499. 

[83] S. Lu, Q. Zhou, Y. Ouyang, Y. Guo, Q. Li, J. Wang, Accelerated discovery of stable lead-free 
hybrid organic-inorganic perovskites via machine learning, Nat. Commun. 9 (2018) 1–8. 
https://doi.org/10.1038/s41467-018-05761-w. 

[84] S. Yang, W. Fu, Z. Zhang, H. Chen, C.Z. Li, Recent advances in perovskite solar cells: 
Efficiency, stability and lead-free perovskite, J. Mater. Chem. A. 5 (2017) 11462–11482. 
https://doi.org/10.1039/c7ta00366h. 

[85] A. Henglein, Small-Particle Research: Physicochemical Properties of Extremely Small 
Colloidal Metal and Semiconductor Particles, Chem. Rev. 89 (1989) 1861–1873. 
https://doi.org/10.1021/cr00098a010. 



60 

[86] D. Bera, L. Qian, T.K. Tseng, P.H. Holloway, Quantum dots and their multimodal 
applications: A review, Materials (Basel). 3 (2010) 2260–2345. 
https://doi.org/10.3390/ma3042260. 

[87] W.M. Girma, M.Z. Fahmi, A. Permadi, M.A. Abate, J.Y. Chang, Synthetic strategies and 
biomedical applications of I-III-VI ternary quantum dots, J. Mater. Chem. B. 5 (2017) 6193–
6216. https://doi.org/10.1039/c7tb01156c. 

[88] P. Walter, E. Welcomme, P. Hallégot, N.J. Zaluzec, C. Deeb, J. Castaing, P. Veyssière, R. 
Bréniaux, J.L. Lévêque, G. Tsoucaris, Early use of PbS nanotechnology for an ancient hair 
dyeing formula, Nano Lett. 6 (2006) 2215–2219. https://doi.org/10.1021/nl061493u. 

[89] P. Walter, E. Welcomme, P. Hallégot, N.J. Zaluzec, C. Deeb, J. Castaing, P. Veyssière, R. 
Bréniaux, J.L. Lévêque, G. Tsoucaris, Early use of PbS nanotechnology for an ancient hair 
dyeing formula, Nano Lett. 6 (2006) 2215–2219. https://doi.org/10.1021/nl061493u. 

[90] A. Kitai, Materials for Solid State Lighting and Displays, John Wiley & Sons, 2016. 

[91] Kirsi Virkki, Photoinduced Charge Transfer Processes at Organic-Semiconductor 
Interfaces, 2019. 

[92] Andrew M. Smith and Shuming Nie, Chemical analysis and cellular imaging with quantum 
dots, Analyst. 129 (2004) 672–677. 

[93] C.S. Shell, Strem Chemicals, Inc. catalogue, QuantumDots121913, 2014. 

[94] C.M. Lungoci, I.D. Oltean, Comparative analysis for the supercapacitors packaging 
characteristics, 2010 IEEE 16th Int. Symp. Des. Technol. Electron. Packag. SIITME 2010. 
(2010) 93–98. https://doi.org/10.1109/SIITME.2010.5653578. 

[95] Y. Zhan, Y. Mei, L. Zheng, Materials capability and device performance in flexible electronics 
for the Internet of Things, J. Mater. Chem. C. 2 (2014) 1220–1232. 
https://doi.org/10.1039/c3tc31765j. 

[96] F. Pettersson, J. Keskinen, T. Remonen, L. Von Hertzen, E. Jansson, K. Tappura, Y. Zhang, 
C.E. Wilén, R. Österbacka, Printed environmentally friendly supercapacitors with ionic 
liquid electrolytes on paper, J. Power Sources. 271 (2014) 298–304. 
https://doi.org/10.1016/j.jpowsour.2014.08.020. 

[97] H. Gwon, H.S. Kim, K.U. Lee, D.H. Seo, Y.C. Park, Y.S. Lee, B.T. Ahn, K. Kang, Flexible energy 
storage devices based on graphene paper, Energy Environ. Sci. 4 (2011) 1277–1283. 
https://doi.org/10.1039/c0ee00640h. 

[98] J.E.P.W. Christine C. Ho, Daniel Steingart, Tailoring Electrochemical Capacitor Energy 
Storage Using Direct Write Dispenser Printing, ECS Trans. 16 (2008) 35. 

[99] D. Hutchison, J.C. Mitchell, Wireless Sensor Network: 8th European Conference, 2011. 

[100] Emma Spooner, Large-Scale Deposition of Organic Solar Cells, (n.d.). 
https://www.ossila.com/pages/opv-large-scale-deposition. 

[101] F. Pettersson, J. Keskinen, T. Remonen, L. von Hertzen, E. Jansson, K. Tappura, Y. Zhang, C.-
E. Wilén, R. Österbacka, Printed environmentally friendly supercapacitors with ionic liquid 
electrolytes on paper, J. Power Sources. 271 (2014) 298–304. 
https://doi.org/10.1016/J.JPOWSOUR.2014.08.020. 



61 

[102] A.B. Dighe, D.P. Dubal, R. Holze, Screen Printed Asymmetric Supercapacitors based on 
LiCoO2 and Graphene Oxide, Zeitschrift Fur Anorg. Und Allg. Chemie. 640 (2014) 2852–
2857. https://doi.org/10.1002/zaac.201400319. 

[103] S. Cho, M. Kim, J. Jang, Screen-Printable and Flexible RuO2 Nanoparticle-Decorated 
PEDOT:PSS/Graphene Nanocomposite with Enhanced Electrical and Electrochemical 
Performances for High-Capacity Supercapacitor, ACS Appl. Mater. Interfaces. 7 (2015) 
10213–10227. https://doi.org/10.1021/acsami.5b00657. 

[104] K. Suganuma, Introduction to Printed Electronics, Springer, New York, USA, 2014. 

[105] R.E. George A. Senich, Florin, Radiation curing of inks and coatings, NBSIR 82-2722, U.S. 
Department of Commerce, NBSIR 82-2722, U.S. Department of Commerce, Washington DC, 
USA, 1983. 

[106] A.P. Schuetze, W. Lewis, C. Brown, W.J. Geerts, A laboratory on the four-point probe 
technique, Am. J. Phys. 72 (2004) 149–153. https://doi.org/10.1119/1.1629085. 

[107] F.M. Smits, Measurement of Sheet Resistivities with the Four-Point Probe, Bell Syst. Tech. 
J. 37 (1958) 711–718. https://doi.org/10.1002/j.1538-7305.1958.tb03883.x. 

[108] S. Zhang, N. Pan, Supercapacitors performance evaluation, Adv. Energy Mater. 5 (2015) 1–
19. https://doi.org/10.1002/aenm.201401401. 

[109] H. Pourkheirollah, R.N. Anam, J. Keskinen, D. Lupo, M. Mäntysalo, Charge-Discharge 
behavior of series- connected printed supercapacitor modules – experimental and 
modelling results, 12 (2020) 814299. 

[110] ISO 8894-2, International Standard International Standard, 61010-1 © Iec2001. 2006 
(2006) 13. 

[111] N. V. Tkachenko, Optical Spectroscopy: Methods and Instrumentations, Elsevier Science, 
2006. 

[112] M. Arvani, Multi-Wavelength Raman Characterization of Back-Gated Monolayer and 
Bilayer Graphene, Am. J. Mod. Phys. 3 (2014) 168. 
https://doi.org/10.11648/j.ajmp.20140304.13. 

[113] A. Angrish, R. Kumar, R. Chauhan, V. Sharma, On the IR spectroscopy and chemometric 
based rapid and non-destructive method for the investigation of sunscreen stains: 
Application in forensic science, Spectrochim. Acta - Part A Mol. Biomol. Spectrosc. 242 
(2020) 118708. https://doi.org/10.1016/j.saa.2020.118708. 

[114] N. Modupalli, M. Naik, C.K. Sunil, V. Natarajan, Trends in Food Science & Technology 
Emerging non-destructive methods for quality and safety monitoring of spices, Trends 
Food Sci. Technol. 108 (2021) 133–147. https://doi.org/10.1016/j.tifs.2020.12.021. 

[115] J. Keskinen, A. Railanmaa, D. Lupo, Monolithically prepared aqueous supercapacitors, J. 
Energy Storage. 16 (2018) 243–249. https://doi.org/10.1016/J.EST.2018.02.008. 

[116] D. Lupo, J. Keskinen, J. Taavela, H. Sirén, J. Virtanen, M. Mäntysalo, Flexible temperature 
logger powered by solar cell and supercapacitor, 2020. 

[117] P. Azaïs, Manufacturing of Industrial Supercapacitors, 2013. 



62 

[118] J. Jasieniak, M. Califano, S.E. Watkins, Size-dependent valence and conduction band-edge 
energies of semiconductor nanocrystals, ACS Nano. 5 (2011) 5888–5902. 
https://doi.org/10.1021/nn201681s. 

[119] M. Arvani, A. Hiltunen, N. Lamminen, J. Keskinen, S. Mansfeld, P. Vivo, Flexible Energy 
Module for Low Power Internet of Things Devices by Perovskite Solar Cell and Printed 
Supercapacitor, LOPEC 2021. (2021). 

 
 
  





Maedeh Arvani

Materials and Devices 
for Energy Autonomous 
Distributed Electronics

M
aed

eh A
rvani /

/ M
aterials and

 D
evices fo

r Energ
y A

uto
no

m
o

us D
istrib

uted
 Electro

nics /
/ 2

0
2

1

ISBN 978-952-12-4095-9

Maedeh Arvani

Materials and Devices for Energy Autonomous 
Distributed Electronics

The research on Energy storage and energy harvesting material and devices reported in this 
doctoral thesis has been done at Laboratory for Future Electronics at the Faculty of Informa-
tion Technology and Communication Sciences, Tampere University and Laser lab at the Fac-
ulty of Engineering and Natural Sciences at Tampere University.

The goal of the research in this thesis is to develop an environmentally friendly, printable and 
flexible energy source for distributed electronics. The thesis is on the fabrication and study of 
flexible printed supercapacitors using novel methods, materials and architectures. 

The research was the integration of monolithic printed supercapacitor modules and flexible 
photovoltaic modules onto a single substrate

The other focus of the thesis is related to dye-sensitized solar cells and looks at novel inorgan-
ic-organic hybrid systems.


	Acknowledgements
	Abstract
	Svensk resume
	Table of contents
	Abbreviations and symbols
	List of publications
	Contribution of the author
	1 Introduction
	2 Background
	2.1 Principles of supercapacitors
	2.1.1 Basic principles of supercapacitors and energy storage mechanisms
	2.1.2 Supercapacitor materials
	2.1.3 Comparing supercapacitor and battery

	2.2 Properties of supercapacitors
	2.3 Solar energy harvesting
	2.3.1 Solar energy harvesting and solar cells


	3 Materials
	3.1 Supercapacitor materials
	3.2 Energy harvesting
	3.3 Materials and compounds for quantum dot-dye hybrids
	3.3.1 Quantum Dot
	3.3.2 Phthalocyanine


	4 Experimental methods
	4.1 Methods for fabrication and characterization of supercapacitors
	4.1.1 Printed supercapacitors
	4.1.2 The four-point probe technique of determining resistivity
	4.1.3 Electrical characterization of supercapacitors

	4.2 Optical spectroscopy
	4.3 QD-Pc hybrid optical characterization methods

	5 Results and discussion
	5.1 Publication I
	5.2 Publication II
	5.3 Publication III
	5.4 Publication IV

	6 Summary and conclusion
	References


 
 
    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 3
     Page size: same as page 1
      

        
     Blanks
     0
     Always
     118
     3
     /E/Työt/Yksityiset/Rantaralli 2018/aikakortti_takasivu_2018.pdf
     1
            
       D:20210823123235
       595.2756
       Blank
       839.0551
          

     LAST-1
     Wide
     1289
     415
     AllDoc
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsPage
     AfterCur
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 3
     Page size: same as page 1
      

        
     Blanks
     0
     Always
     118
     3
     /E/Työt/Yksityiset/Rantaralli 2018/aikakortti_takasivu_2018.pdf
     1
            
       D:20210823123235
       595.2756
       Blank
       839.0551
          

     LAST-1
     Wide
     1289
     415
     AllDoc
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsPage
     AfterCur
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 2
     Page size: same as page 1
      

        
     Blanks
     0
     Always
     118
     2
     /E/Työt/Yksityiset/Rantaralli 2018/aikakortti_takasivu_2018.pdf
     1
            
       D:20210823123235
       595.2756
       Blank
       839.0551
          

     LAST-1
     Wide
     1289
     415
     AllDoc
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsPage
     AfterCur
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.929 x 9.843 inches / 176.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     -4
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     Tall
     1
     0
     No
     1910
     350
     QI2.9[QI 2.9/QHI 1.1]
     None
     Left
     3.7531
     -0.2835
            
                
         Both
         73
         AllDoc
         80
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     128
     152
     151
     152
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 7.717 x 10.630 inches / 196.0 x 270.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     -4
            
       D:20210902124144
       765.3543
       Blank
       555.5906
          

     Tall
     1
     0
     No
     1910
     350
     QI2.9[QI 2.9/QHI 1.1]
     None
     Left
     3.7531
     -0.2835
            
                
         Both
         73
         AllDoc
         80
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     128
     152
     151
     152
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: before current page
     Number of pages: 2
     Page size: same as page 1
      

        
     Blanks
     0
     Always
     118
     2
     /E/Työt/Yksityiset/Rantaralli 2018/aikakortti_takasivu_2018.pdf
     1
            
       D:20210823123235
       595.2756
       Blank
       839.0551
          

     LAST-1
     Wide
     1289
     415
     AllDoc
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsPage
     BeforeCur
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 2
     Page size: same as page 1
      

        
     Blanks
     0
     Always
     118
     2
     /E/Työt/Yksityiset/Rantaralli 2018/aikakortti_takasivu_2018.pdf
     1
            
       D:20210823123235
       595.2756
       Blank
       839.0551
          

     LAST-1
     Wide
     1289
     415
     AllDoc
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsPage
     AfterCur
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.929 x 9.843 inches / 176.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     -4
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     Tall
     1
     0
     No
     1910
     350
    
     QI2.9[QI 2.9/QHI 1.1]
     None
     Right
     8.5039
     -0.2835
            
                
         Both
         73
         AllDoc
         80
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     155
     156
     155
     156
      

   1
  

 HistoryList_V1
 qi2base




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType true
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /SUO <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [510.236 720.000]
>> setpagedevice




