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ABSTRACT 

High-performance and efficient energy storage devices are a necessity for fulfilling 

the global demand of the growing market of distributed electronics, IoT, mobile 

electronic devices, electric vehicles, and many more. Supercapacitors and batteries 

are a priority for energy storage applications. In comparison with batteries, 

supercapacitors have longer cycle life and higher power density. In some cases, 

supercapacitors are integrated with batteries to increase electrical performance and 

efficiency. 

The aim of the research in this thesis is to develop and scale the design of a 

sustainable, low-cost, non-toxic, flexible, reliable, and eco-friendly energy storage 

device for energy-autonomous and distributed electronics platforms. The use of 

novel materials and a fabricating process for supercapacitor design were essential to 

achieve the goal of the research. With the use of low specific area electrode ink, the 

measured capacitance was 3–4 mF in dual cell supercapacitors. Similarly, a PET/Al 

laminated metal current collector has advantages due to high conductivity, low ESR, 

and the use of PC electrolyte (2.5 V/cell) to the target voltage range for low power 

BLE transmission applications. We also developed a PEDOT: PSS based polymer 

electrolytic capacitor as an alternative to supercapacitors, which demonstrated a way 

to print flexible capacitors of a few µF. This capacitor was modeled for low 

frequency applications such as smoothing and filtering. The second focus of the 

thesis was to perform a reliability study on the energy storage devices. This helps to 

observe the performance of the device in different situations, from normal to harsh 

environments. The supercapacitor’s electrical performance was stable over a wide 

temperature range from -40 °C to 100 °C. The supercapacitors maintain 100% 

retention for 10,000 bending cycles and a minimum bending radius of 0.41 cm, 

showing a high degree of flexibility. The device’s performance declined after thermal 

shock testing due to defects and cracks in the porous electrode because of rapid 

prolonged temperature cycling between -40 °C and 100 °C. 



vi 

 

The final part of the thesis is to harvest green energy from ambient surroundings 

using an organic photovoltaic (OPV) module or a piezoelectric transducer. The   

maximum indoor energy harvested with an OPV module and stored to the 

supercapacitor was 39 mJ.  

On the other hand, with a piezoelectric transducer, the maximum harvested 

energy was 1.1 mJ and peak power was 11.1 mW. The harvested energy was 

stored in our printed and flexible storage devices. We also demonstrated that the 

energy harvested was enough to power an LED driver circuit. Thus, these 

printed, low-cost, novel, and flexible devices open a door for the field of energy 

autonomous flexible electronics. 
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1 INTRODUCTION 

Research on energy storage devices is becoming popular in order to manage energy and 

environmental problems through increasing energy efficiency and minimizing greenhouse 

gas emissions to reduce global warming. Sustainable, nontoxic, and environmentally 

friendly energy storage devices reduce energy waste and are efficient [1][2]. The main 

energy storage devices are supercapacitors and batteries for storing harvested energy. In 

addition, these devices act as a backup source when the primary energy source is not 

available [2][3]. Supercapacitors are also known as electric double-layer capacitors 

(EDLC), ultracapacitors, or electrochemical capacitors [4][5]. They can offer higher 

power densities than batteries, and higher energy densities than conventional capacitors 

[6]. Batteries consist of problematic materials such as lead or lithium, and recycling is 

required by law in the European Union (EU) [4]. Supercapacitors have become popular 

in many applications because of advantages such as quick charging time, high efficiency, 

long life cycle, wide temperature ranges, flexibility, and no risk of explosion [3][6][7] 

although they have far lower energy density than batteries [8] . Further, supercapacitors 

can be fabricated with  simple printing and coating methods using inexpensive and 

abundant environmentally friendly materials [4][9]. 

Energy harvesting from renewable, sustainable, and ambient energy sources such as heat, 

motion, pressure, vibration, light, and sound has become popular in low-power flexible 

electronic devices. Thin, lightweight and bendable [10] energy storage systems such as 

supercapacitors are thus needed for a variety of flexible, wearable, lightweight, and 

portable electronics [11][12]. Supercapacitors are used to provide short-term peak power 

in many energy applications. Examples of the uses of a supercapacitor include the 

Internet of things (IoT), wireless sensor networks (WSN), RFID tags, Bluetooth Low 

Energy (BLE) transmission, and sensors [4]. 
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1.1 Aims and scope of the thesis 

     The first aim of the thesis is to develop energy storage devices and capture ambient energy 

for distributed electronics. The choice of materials determines the electrochemical 

behavior of the device related to voltage, capacitance, device flexibility, and wide 

temperature range. We focus on dual cell supercapacitors (DCSCs) with low capacitance 

value and a working voltage up to 5 V, as well as printed electrolytic capacitors. The 

primary research questions are: 

1. How does choice of materials, architecture, and processes affect the 

performance of energy storage devices. Is it possible to optimize for specific 

applications? 

2. Can printed supercapacitors based on organic electrolyte achieve the 

capacitance and ESR values required to power radio transmission of 

information from smart objects?  

3. Can printed electrolytic capacitors be used for energy storage, or alternatively 

to enable integration into printed electronic circuits? 

4. Can energy harvesting be integrated with printed energy storage in novel 

devices? 

5. Can printed supercapacitors survive the mechanical and thermal stresses 

expected from integration into and use in products, e.g.  smart skis for winter 

sports? 

 

Publication I presents the development of the materials and architecture for 5V 

supercapacitor modules with capacitance of a few mF and sufficiently low series 

resistance to power a Bluetooth Low Energy (BLE) transmission. The work reports on 

two-cell supercapacitor modules using carbon black as electrode and propylene carbonate 

as electrolyte. These materials were chosen to lower the capacitance and increase the 

maximum voltage to values suitable for the target application. These supercapacitors were 

also integrated with an OPV (organic photovoltaic) module for indoor light harvesting 

and storage for powering low-power devices. 
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In Publication II, the results of a reliability study on the modules reported in the first 

publication are presented. As the devices are to be integrated into a smart ski fitted with 

multiple sensors, they need to withstand elevated temperatures during e.g., lamination or 

in-molding and low temperatures during skiing, as well as to demonstrate mechanical 

flexibility. It is found that the devices are highly stable at temperatures from -40 °C to 

+100 °C, as well as to cyclic bending at a radius of only 0.41 cm, though some degradation 

was observed after multiple thermal shock tests.   

In Publication III, we reported the fabrication of a polymer-based electrolytic capacitor 

with specific capacitance of 1 µFcm-2. This capacitor is applicable in a passive low pass 

filter for smoothing purposes, with a cut-off frequency of 1.03 kHz. The integration of 

this capacitor with a vibration-motion piezo transducer harvester and rectifier circuit 

gives energy of about 1 mJ and can be applicable in low-power portable devices. 

In Publication IV, we report on the study of a piezoelectric transducer as an energy 

harvester, connected to a rectifier circuit for converting AC to DC and a supercapacitor 

and commercial electrolytic capacitor as a storage unit. In addition, the bending 

characteristics, sensitivity, and charge generation of the piezoelectric transducer were 

explained. A peak power of 11.1 mW was generated from the piezoelectric transducer, 

which was sufficient to drive an LED. 

1.2 Structure of the thesis 

The thesis consists of five chapters and four peer-reviewed publications. Chapter 1 

describes the aim and scope of the thesis, the thesis structure, and gives a broad overview 

of the topic. Chapter 2 explains the basic working principles of capacitors and 

supercapacitors, including a comparison with other energy storage devices, and briefly 

introduces energy harvesting from OPV and piezoelectric materials. Chapter 3 provides 

a brief explanation of the materials and methods used in this thesis. The main results and 

findings are discussed in Chapter 4. Finally, Chapter 5 presents the conclusion of the 

thesis with some discussion of possible future work. The publications are added at the 

end of the thesis. 
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1.3 Author’s contribution 

In collaboration with other researchers, the articles mentioned in this thesis have been 

published and the author’s contribution is as follows: 

Publication I: The author and co-authors planned the research work. The author was 

responsible for ink preparation, device fabrication, device characterization, and writing 

the first draft. The manuscript was revised and finalized with the assistance of Dr. Jari 

Keskinen and Prof. Donald Lupo. 

   Publication II: The author and co-authors planned the research work. The author was 

responsible for ink preparation, device fabrication, device characterization, and writing 

the first draft. The manuscript was rewritten and finalized with the co-authors. Dr. Sanna 

Lahokallio assisted in performing temperature and thermal shock tests at Trelic Oy.  

  Publication III: The author and co-authors planned the research work. The author was 

responsible for ink preparation, device fabrication, device characterization, and writing 

the first draft. The manuscript was rewritten and finalized with the co-authors. The 

piezoelectric transducer as an energy source was fabricated by Philipp Schäffner. Erkan 

Küzeci made the SEM characterization. 

  Publication IV: The author and co-authors planned the research work. The author was 

responsible for ink preparation, device fabrication, device characterization, and writing 

the first draft. He also designed and fabricated the 3D setup model for piezo energy 

harvesting. The manuscript was rewritten and finalized with the co-authors. The 

piezoelectric transducer energy source was fabricated by Philipp Schäffner.  
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2 BACKGROUND 

2.1 Capacitors 

Capacitors store electrical energy in the form of an electric field. They consist of two 

conducting plates separated by a layer of dielectric material. Popular dielectric materials 

are metal oxides, insulating polymers, ceramic, mica, silicon base glass, air, and vacuum. 

The capacitors are categorized as polarized and non-polarized capacitors. Polarized 

capacitors have marked positive and negative terminals. This means the positive terminal 

should be connected to a positive power supply and the negative terminal should be 

connected to a negative power supply. Reversing the polarity shorts or damages the 

device. On the other hand, non-polarized capacitors have no fixed polarity and terminals 

can be connected to the power supply in either way. Electrolytic capacitors and most 

supercapacitors are polarized, and ceramic and film capacitors are non-polarized. The 

schematic structure of the parallel plate capacitor is shown in Figure 1. The capacitance 

value depends on the plate area, dielectric materials, and separation distance. 

        

  Figure 1. Schematic diagram of parallel plate capacitor. 

The expression of the parallel plate capacitance is given by Equation 1. 

C =
ɛA

d
                                        (1) 
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where C is the capacitance, A is the area of the plate, ɛ is the permittivity of the dielectric 

material, and d is the separation between plates. 

The anode of an electrolytic capacitor has a high surface area obtained by the 

electrochemical etching process. In addition, the anodizing process results in an insulating 

dense oxide layer on top of the anode that acts as a dielectric [13]. Then, deposition of 

different conducting materials on top of the oxide layer acts as the cathode of the 

capacitor. Electrolytic capacitors have relatively large capacitance due to the enlarged 

surface area. The anode material in electrolytic capacitors can be, e.g., aluminum or 

tantalum, or also a conducting polymer such as PEDOT-PSS, which is used in 

Publication III. The schematic structure of an electrolytic capacitor is shown in Figure 

2. 

   

Figure 2. Schematic structure of polymer electrolytic capacitor  

2.2 Basic principles of supercapacitors 

In supercapacitors based on electric double layer, electrical energy is stored at the 

interface between the electrode and electrolyte due to the electric field. Electric double 

layer capacitor (EDLC) consists of two electrodes that are separated by the separator and 

filled with electrolytes between them [14] [15]. When the device is charged with external 

voltage, then the electric double layer is formed. The basic working principle of a 

supercapacitor is shown in Figure 3. 
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Figure 3. Operational principle of a supercapacitor. 

The electric double layer (EDL) theory was first explained by Hermann von Helmholtz 

and later further modeled by Gouy-Chapman and Stern [15][16]. Helmholtz demonstrates 

a simple model, as shown in Figure 4(a), concerning the spatial charge separation at 

double layer interfaces. Here, the negative charges are attracted toward the positive 

charges and vice versa, forming an electric double layer. The distance between charges is 

denoted as d. 

The Gouy-Chapman model is also a diffuse model, because the ions in the electrolyte 

diffuse further from the interface. The model consists of a diffusion layer as shown in 

Figure 4(b). This model is not accurate for highly charged double layers [15][16].  

  The Stern model, as shown in Figure 4(c), is a combination of the Helmholtz and Gouy- 

Chapman models. The first layer consists of the immobile ions captured inside the porous 

electrode surface and the second layer contains mobile ions in the diffusion layer [15][16]. 
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Figure 4. Electric double layer model. Helmholtz model (a), Gouy-Chapman model (b), and Stern model (c) 

Adapted from [15]. 

As there are double interface layers inside the supercapacitor, the total capacitance is the 

combination of the layers at positive and negative electrodes and is given by Equation 2. 

𝐶 =
𝐶1𝐶2

𝐶1+𝐶2
                              (2) 

where C is the total capacitance and C1 and C2 are individual capacitances. 

2.3 Types of Supercapacitors 

The chart for different types of supercapacitors is shown in Figure 5. The classification 
is based on the type of materials, such as activated carbon, graphene or conducting 
polymers, used in device fabrication and on the structure, which is either symmetric or 
asymmetric.  
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    Figure 5. Supercapacitor types and electrode materials. Adapted from [15]. 

2.3.1 Electric double-layer capacitors 

Electric double-layer capacitors are symmetrical, and typically made up of two identical 

carbon electrodes. The most common electrode material used in EDLCs is activated 

carbon (AC), though other materials like carbon nanotubes and graphene have also been  

used [17][18][19]. These materials are easily available, inexpensive, have a large surface 

area, and are porous, resulting in a higher specific capacitance than electrostatic 

capacitors. A comparison of energy density and power density of the supercapacitor 

with different electrode materials is shown in Table 1. 

2.3.2 Pseudocapacitors 

Pseudocapacitors consist of an electrode based on conducting polymers such as  

polyaniline, polypyrrole [20], or metal oxide such as lithium cobalt oxide  (LiCoO2), 

manganese dioxide (MnO2), ruthenium oxide (RuO2), or nickel oxide (NiO) [21]. 

Pseudocapacitance is achieved due to reversible reduction-oxidation (redox) reactions 

close to or at the surface of a material in contact with the electrolyte. These capacitors 

provide higher energy density than electric double layer capacitors [21]. Polyaniline can 

give a charge density of 140 mAhg-1, which is slightly lower than that obtained from 

metal oxides such as LiCoO2 but much higher than carbon devices, which provide about 

15 mAhg-1 [22]. 
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Table 1. Comparison of specific energy and power density using different electrode materials [14]. 

Carbon material Energy density 

(Wh.kg-1) 

Power density    (kW.kg-1) Electrode 

capacitance 

(F.g-1) 
Activated carbon 5–25 10–40 50–125 

Carbon fiber cloth 2–36 5–11 3.5–60 

Carbon nanotube 0.5–40 30–1000 12–120 

Graphene 20–70 40–250 100–200 

Carbon nanofiber 10–20 5–20 50–100 

Templated carbon 5–60 5–40 10–150 

2.3.3 Hybrid capacitors 

Hybrid capacitors are also referred to as asymmetric supercapacitors. These 

supercapacitors use active electrode materials based on a combination of electric double 

layer and pseudocapacitive processes. They show non-Faradaic and Faradaic battery-type 

behavior. An example of this is a lithium-ion capacitor, which consists of high surface 

area activated carbon as the positive electrode and lithium ion-containing material as a 

negative electrode. These capacitors can store ten times more energy than conventional 

EDLCs and have long cycle life [15]. 

2.4 Energy harvesting and storage 

The process of capturing electrical energy from our surroundings is called energy 

harvesting [23]. Suitable ambient energy sources for sustainable renewable energy 

scavenging from ambient energy sources include pressure or movement, light, heat, and 

wind. The use of the energy from these renewable sources reduces greenhouse gas

emissions (CO2) and enables cleaner energy technology [1]. The harvested energy can be 

used in multiple applications such as low-cost microelectronic devices, wireless sensor 

networks, the Internet of Things, and portable devices [24]. Options for various energy 

harvesting sources are shown in the chart in Figure 6. 
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Figure 6. Ambient energy harvesting. Adapted from [24]. 

The integration of energy storage devices with an energy harvester is very important and 

improves the performance of the system. An energy storage system such as capacitor, 

supercapacitor, and battery should be reliable, efficient, and affordable. These systems 

store the energy generated and act as a backup power supply if needed. A comparison of 

energy storage technology is shown in Table 2.  

Table 2: Comparison of energy storage technologies [1]. (Results here are for full device data, compared to 

the electrode materials only shown in Table 1). 

Technology Energy density (Wh/kg) Cost capital (€/kW) Efficiency (%) 

Supercapacitors 0.1–5 200–1000 85–98 

Nickel batteries 20–120 200–750 60–91 

Lithium batteries 80–150 150–250   90–100 

Lead acid battery 24–45 50–150 60–95 

This thesis mainly focuses on two energy harvesters: the organic photovoltaic (OPV) 

module, and the piezoelectric transducer. Light is the most plentiful energy source 

available indoors from such sources as halogen lamps, LEDs, and fluorescent tubes, as 

well as outdoor in the form of sunlight [25]. This harvester converts light into electrical 

power using the photovoltaic principle. The basic architecture of the organic solar cell 
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and a schematic diagram of the operating principle are shown in Figure 7 and Figure 8 

respectively. An OPV device consists of the organic semiconducting material sandwiched 

between the top and bottom electrode. Organic solar cells are mainly of four types—

single layer, bilayer, bulk heterojunction, and tandem solar cell. When the light strikes the 

cell, the energy gets absorbed. The energy of the photon should be equal to or greater 

than the bandgap for the excitation of the electron. The electron in the highest occupied 

molecular orbital (HOMO) moves to the lowest unoccupied molecular orbital (LUMO). 

This results in the creation of holes and electron pairs called excitons. The excitons are 

localized and held together by the high coulombic force of attraction because of the low 

dielectric constant of the active layer in the range of 3–4. To obtain the charge transport 

process, the excitons need to be separated; this process is called exciton dissociation. The 

dissociations, or charge separation, can only be achieved at the donor-acceptor interface. 

The electrons travel from the LUMO of a donor to the LUMO of an acceptor because 

the energy level of the LUMO of the donor is at a higher state, forming an electron-hole 

pair. After the separation, the electron moves to the acceptor layer and is collected at the 

cathode. The hole moves to the donor layer and is collected at the anode [26][27]. The 

recent progress in solar technology in terms of flexibility, robustness, low cost, and 

lightweight OPV module, is positive in terms of possible energy harvesting [28]. Ambient 

indoor light harvesting using commercial OPVs helps to generate energy in the range of 

10 to 100 µW/cm2 [29][30]. Instead of directly integrating the supercapacitor with OPV, 

the use of an energy management integrated circuit (IC), such as E-peas AEM10941, 

helps to maintain charge balance, voltage protection, regulation, and increased storage 

efficiency by maintaining operations as far as possible at the maximum power point of 

the OPV device. Here, the IC acts as a bridge between the harvester and the 

supercapacitors [31]. 

      

    Figure 7. Schematic drawing of bulk heterojunction solar cell. Adapted from [27]. 
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  Figure 8. Schematic diagram of operating principle in organic solar cells. Adapted from [26]. 

  Energy can also be harvested from pressure, motion, or deformation by using a 

piezoelectric transducer. Such a transducer generates energy when mechanical force is 

applied to the material and is based on a phenomenon known as the piezoelectric effect 

[32], which was discovered in 1880 by Pierre and Jacques Curie. This effect involves a 

shift of charges or ions in piezoelectric materials under mechanical stress.  Figure 9 shows 

the direct piezoelectric effect and converse piezoelectric effect. In the direct effect, the 

electricity is generated when pressure is applied to the piezoelectric materials. If the 

piezoelectric materials are mechanically deformed by applying an electric potential, then 

the reverse piezoelectric effect occurs, and the electrical energy is converted to motion. 

In terms of the application, the direct effect is common in sensors and transducers, 

whereas the reverse effect is seen in actuators [33].  The expressions of the direct and 

converse piezoelectric effect are given in Equations 3 and 4. 

                   D = dT +  ɛE (Direct effect)                                         (3) 

                                                     X = sT + dtE (Converse effect)                                   (4) 
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  where D is electrical displacement, d is the direct piezoelectric coefficient, dt is the 

converse piezoelectric coefficient, T is stress, ɛ is permittivity, X is the strain, E is the 

electric field, and s is mechanical compliance. 

      

   Figure 9. Direct and reverse Piezoelectric effects. Adapted from [34]. 

  The two most common piezoelectric material groups are piezoceramics such as lead 

zirconate titanate (PZT), barium titanate (BT), and piezopolymers such as polyvinylidene 

difluoride (PVDF) and its copolymer trifluoroethylene (PVDF-TrFE). Piezoceramics 

provide a high energy conversion efficiency and have a large electro-mechanical coupling 

constant but are rigid and brittle. Piezopolymers are flexible and have a low electro-

mechanical coupling constant [33]. Energy harvesting using cantilever beams geometry 

of different shapes and sizes is quite common. Other harvesters use disc shapes such as 

cymbal transducer and circular diaphragms [35]. Benasciutti et al. investigated a harvester 

model using a rectangular bimorph cantilever beam with PZT layers [36]. Tong et al. 

designed and simulated a PZT cantilever beam that gives maximum outpower of 4.4 mW 

[37]. Mohamed et al. designed a T-shaped cantilever that gives 3.4 times more power than 

a triangular-shaped cantilever beam at low excitation frequency up to 10 Hz. The author 

concluded that shape optimization of beams helps to maximize power generation [38]. 

Shenck et al. developed energy scavenging shoes with flexible, multilayer PVDF bimorph 

that generates approximately 1.3 mW of power [39].  Puscasu et al. developed an energy 

harvesting tile prototype with commercially available piezoelectric membranes that was 

able to produce 17.7 mJ of energy [40]. These previously reported harvesters were 

compared with the printed PVDF:TrFE transducer used in our experiment (Publication 
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IV), which was able to generate 11.1 mW output power. Piezoelectric transducers are 

flexible, light weight, and can be integrated with the human body for health monitoring, 

wearables, shoes, bags and other motion harvesters [41]. Piezoelectric transducers are 

popular due to their high energy density compared to electromagnetic and electrostatic 

transducers [42]. Piezoelectric energy harvesting has been reported extensively 

[41][42][43][44][45]. The harvested energy can be stored in energy storage devices that 

can be used for different applications like wireless sensors networks, cardiac pacemakers, 

and Bluetooth modules [29] [44]. Table 3 shows the amount of the harvested power from 

ambient energy sources. Table 4 shows the properties of piezoelectric materials. 

Table 3. Harvested power from ambient energy sources [46]. 

Energy Source Characteristics Scavenging Harvested power 

Light Indoor Solar cell 10 µW/cm2 

Outdoor 10 mW/cm2 

Vibration Human Piezoelectric 4 µW/cm2 

Industry 100 µW/cm2 

Thermal Human Thermoelectric 30 µW/cm2 

Industry 1-10 mW/cm2 

Radio frequency GSM900 MHz Antenna 0.1 µW/cm2 

WiFi 0.001 µW/cm2 

 

   Table 4. Properties of PZT-5H and PVDF materials [35]. 

Property PZT-5H (ceramic) PVDF (polymer) 

Density(g/cm3) 7.65 1.78 

Dielectric constant 3250 6 

Young’s modulus Y33 71.4 2 

Mechanical quality factor Qm 32 10 

Piezoelectric charge constant d33 (pC/N) 590 25 

Piezoelectric charge constant d31 (pC/N) -270 12-23 

Electro-mechanical coupling factor K33 0.75 0.22 
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2.5 Supercapacitor vs. battery 

Both batteries and supercapacitors are energy storage systems; the main differences being 

their mechanisms of storing energy. Supercapacitors store energy in the form of an 

electric field, whereas batteries store it in a chemical form. In an ideal case, there are no 

reduction-oxidation (redox) reactions in supercapacitors—only electrostatic processes for 

charging and discharging the device. On the other hand, the battery operation principle 

is based on chemical reduction and oxidation [20]. As shown in Figure 10, supercapacitors 

are a better choice when high power density is required, whereas batteries are preferred 

for high specific energy. In addition, supercapacitors have higher specific energy than 

conventional capacitors. Batteries are suitable for charge-discharge cycles of a few hours 

due to slow chemical reactions. Electrolytic capacitors are preferred over short cycle times 

in the order of milliseconds (ms) or microseconds (µs).  

 

   Figure 10. Ragone plot of electrical storage systems. Adapted from [8]. 
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2.6 Applications of supercapacitors 

Supercapacitors are experiencing a large market growth and have been used in a wide 

range of applications in recent years. Portable and flexible electronics, such as 

smartwatches, cameras, phones, and other smart devices, are ubiquitous in modern 

society. Supercapacitors can play a very important role as an energy storage system to 

power those smart devices. It is easy to integrate flexible supercapacitors with wearable 

textiles and sensors for powering electronic devices, as shown in Figure 11. In addition, 

supercapacitors can be integrated with energy harvesters such as OPV modules or 

piezoelectric transducers for storing harvested energy[47]. Supercapacitors are used in 

back-up power applications, providing power peaks when primary energy is unavailable.  

They have several advantages, such as high specific power, long cycle life, wide 

temperature range, and flexibility [48]. This makes the devices well suited for military and 

aerospace applications such as uninterrupted power supply in military vehicles, black 

boxes on helicopters, airbag deployment, and GPS-guided missiles [47] [49]. The hybrid 

combination of lithium-ion batteries and supercapacitors as an energy storage system has 

been recently reported [50]. This system is good for applications such as toys, drones, and 

low-cost microelectronics devices, and has advantages such as fast charging, long life, and 

high power density, but also some disadvantages, such as discontinuity and matching of 

power, and challenging synchronization with a feedback system [1][51]. In many cases, 

supercapacitors alone can make the system more efficient. A few examples include 

switched-mode power supply, system on a chip (SoC), IoT, sensors, and BLE. The use 

of supercapacitors in electric vehicles (EV) to conserve kinetic energy obtained from 

regenerative braking leads to an improvement in vehicle fuel efficiency [24]. 

Supercapacitors are widely used in the energy sector—according to Maxwell 

Technologies Inc. some 20 to 30% of wind turbines are equipped with a supercapacitor 

pitch control system [52]. In a microgrid system, supercapacitors can maintain quick load 

fluctuations [53]. Similarly, supercapacitors have been used on solar farms in California 

where an energy storage duration of 20 to 30 seconds is required to control short term 

solar power fluctuations and provide ramp rate control [48]. Table 5 shows examples of 

commercial supercapacitors with capacitance and voltage range. 
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 Figure 11. Portable devices powered with a supercapacitor. Adapted from [47]. 
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Table 5. Commercial supercapacitors with capacitance and voltage range [54]. (High voltage values in the 

table are for series connected modules). 

Manufacturer Capacitance range (F) Voltage range (V) 

Maxwell 
1–3400 

2.7–2.85 

Murata 0.035–1 4.2–5.5 

Ioxus 1300–3150 2.7–2.85 

Panasonic 0.1–100 2.1–5.5 

Bussmann 0.1–3400 2.5–5.5 

Nippon Chemi-Con 50–1400 2.5 
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3 MATERIALS AND METHODS 

Chapter 3 describes the materials, fabrication technique, and measurement tools used in 

our research. 

3.1 Supercapacitor materials 

The use of materials in fabrication depends on the requirements and purposes of the 

device. The key materials are current collectors, electrodes, electrolytes, and separators. 

The use of recyclable, non-toxic, abundant, low-cost, and incinerable materials is 

preferred. The schematic drawing of a supercapacitor is shown in Figure 12. 

The current collector is responsible for collecting electrons from electrode material and 

transferring them to the external circuit. Current collectors are commonly metals such as 

copper, aluminum, nickel, and stainless steel. Most supercapacitors use two current 

collectors: one at the anode and one at the cathode terminal. The stability and 

conductivity of a supercapacitor partly depends on the current collector [55]. The internal 

resistance of the device can be improved by minimizing the contact resistance between 

the electrode and the current collector. This will give high energy density and quick 

charge-discharge time constant.  

Materials with a high surface area should be used as electrodes for supercapacitors, 

because capacitance is proportional to the surface area. The electrode materials 

commonly used in supercapacitors are activated carbon; other materials like carbon black, 

graphene, conducting polymers, and transition metals have also been applied. Carbon 

electrodes have high porosity, a surface area of up to 3000 m2g-1, and capacitance of 250 

Fg-1 [56]. Activated carbon is the most common of electrode materials. It is cheap, and 

chemically and electrically compatible with the electrolyte. Beside their high surface area, 

the pore diameter of electrodes is very important for achieving high capacitance. It has 

been reported earlier that in order to use all the pores effectively, the pore size should be 

double that of ions [57]. Hence the ions can move freely in and out of the pores, resulting 

in high charge storage. Thus, the size and distribution of pores play a significant role in 

achieving high capacitance [13][57]. Pyun et al. reported that EDLC performance 
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depends on the pore size distribution, and that smaller pore sizes cause a higher time 

constant due to slow ion penetration into pores compared to electrodes with large pores 

[58]. 

Energy storage capacity is determined both by the electrochemical window of the 

electrolyte, which determines the maximum voltage, and the capacitance, which depends 

mainly on the electrode. The electrolyte is made up of solvent and ions. The most 

common electrolytes are aqueous and organic electrolytes. The conductivity of the 

electrolyte affects the ESR of the supercapacitor. An increase in ionic conductivity 

decreases the ESR of the device. The electrolyte determines the voltage window of the 

supercapacitor, which limits the cell voltage and the energy storage capacity of the device. 

The working voltage window of aqueous electrolytes is 1 V–1.3 V and organic electrolytes 

is from 2.5 V–3.3 V [20] [59]. Because of higher maximum voltage, many manufacturers 

prefer organic electrolyte supercapacitors. Propylene carbonate and acetonitrile are 

common solvents used in organic electrolytes. Organic electrolytes yield ionic 

conductivity in the range of 10–60 mS cm-1. On the other hand, aqueous electrolytes are 

cheap and easier to fabricate than organic electrolytes, which need an inert atmosphere 

for fabrication. Aqueous electrolytes can be acidic, alkaline, or neutral [13]. The ionic 

conductivity of 1 M NaCl solutions is about 80 mS cm-1 [60]. 

A separator is inserted between two electrodes to prevent the device from short circuiting. 

The separator should be porous and should allow the ions to pass through it. It should 

be flexible, light, have high ionic conductivity when impregnated with electrolyte, and be 

thermally stable. The different separators available for the supercapacitor are cellulose 

fibers and polymers such as polyethylene and polyimide [20]. 

3.1.1 Current collector 

The polyethylene terephthalate aluminum foil (PET/Al) was used as a substrate in 

Publications I and II. In this case the aluminum current collector has very low resistance 

and is compatible with the organic electrolyte, propylene carbonate (PC). In Publication 

III, aluminum foil (Alpha 897) was used as an anode. This foil was etched and has a 

porous surface. The deposition of polymer PEDOT: PSS Poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate on the foil acts as a counter electrode. In 

Publication IV, polyethylene terephthalate (PET) was used as substrate. The coating of 

graphite ink Acheson PF407C on PET acts as a current collector. The advantage of this 
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substrate is that it prevents corrosion with an aqueous electrolyte, which was observed in 

the case of an aluminum current collector. 
 

                 

 

       

Figure 12. Schematic drawing of the electrode top view and a cross-section of the entire device. 

3.1.2 Electrode 

In the supercapacitors described in Publications I–II, commercially available Timcal 

Super P carbon black was used to formulate electrode ink. The desired capacitance with 

this electrode material was in the range of 3–4 mF to provide sufficient energy for BLE 

transmission, while maintaining an ESR of not over 1–2 Ohm to provide sufficient peak 

power. Due to the low specific surface area of about 62 m2g-1, carbon black leads to 

devices with lower capacitance. In the case of high capacitance applications, activated 

carbon (AC) ink is the better choice with 1500-2000 m2g-1 specific surface area [61].  

For the electrolytic capacitors, the conducting polymer poly((3,4-

ethylenedioxythiophene) polystyrene sulfonate) PEDOT: PSS was used as one electrode, 

while the etched and oxidized Al surface served as the other, as described in Publication 

III. The specific capacitance of the device was 1 µFcm-2, allowing for the printing of 

capacitors that can be used in low pass filtering and energy storage. The graphite ink 

Acheson PF407C was used as an electrode in the supercapacitor described in 
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Publication IV. These supercapacitors were integrated with a piezoelectric transducer 

for the storage of harvested energy. 

3.1.3 Electrolyte 

The supercapacitors described in Publications I–II use an organic electrolyte made up 

of 1 M tetraethylammonium tetrafluoroborate (TEABF4) in propylene carbonate. The 

supercapacitors reported in Publication IV use 1 M sodium chloride in deionized water. 

The choice of electrolyte depends on the application. The most common organic 

electrolyte solvents are propylene carbonate and acetonitrile, and the most commonly 

used salt is tetraethylammonium tetrafluoroborate. Aqueous electrolyte solutions are 

strong acids and bases such as sulfuric acid (H2SO4), potassium hydroxide (KOH), and 

neutral salts such as sodium chloride (NaCl) and potassium chloride (KCl) [54] [62].  

As mentioned above, in many commercial supercapacitors the use of organic electrolyte 

is preferred, due to the larger voltage window of 2.5–3.3 V [31][59]. The energy storage 

capacity in supercapacitors is proportional to the square of the voltage. Hence, electrolyte 

selection affects the energy density of the supercapacitors [63]. PC electrolyte is easily 

available and is thermally stable, safe, and inexpensive. The reported melting point of  PC 

is -48 °C [64].  On the other hand, aqueous electrolyte provides higher ionic conductivity, 

environmental friendliness, non-flammability, and low cost, but it is limited to voltage 

between 0.6–1.4 V [62][63]. The organic electrolyte requires preparation in an inert 

atmosphere (glove box) to eliminate moisture, as moisture would lead to side reactions 

when the electrochemical window of water is reached [20].  

3.1.4 Separator  

A separator is a physical barrier that is inserted between the electrodes to prevent 

electrical shorting. It should have a porous structure, be wettable, flexible and non-

flammable, and have good ionic conductivity when impregnated with electrolyte. The 

most commonly used separators reported are paper separators consisting of cellulose 

fibers, and polymer separators such as polypropylene, polyethylene, or polyethylene 

terephthalate [65][66]. Dreamweaver silver AR40 cellulose paper was used in 

Publications II and IV. In Publication I, Dreamweaver titanium 40 cellulose paper was 

used. The thickness of the paper was 40 µm.  
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3.2 Device fabrication 

The devices described in this thesis were printed with the doctor blade coating method. 

The doctor blade coating, or the rod or bar coating method is simple, easy to operate, 

and inexpensive to use. It can provide a wide range of electrode thicknesses. In our device, 

the wet thickness of the printed layer was between 40–100 µm. The fabrication process 

using this technique had been reported earlier [4][67][68]. It produces films with thickness 

typically in tens of micrometers, depending on mask thickness. In this method, as the 

blade rod moves, the ink is spread over the mask and the layer is printed on the substrate. 

Figure 13 shows a schematic drawing of the doctor blade coating method. When this 

coating process is used in conjunction with a patterned mask, as done in this work, it is 

often called stencil printing. In addition to stencil printing, other common ways of device 

fabrication include screen printing [69][70], inkjet printing [71], flexographic printing [72], 

gravure printing [73], sputtering [74], photolithography [75], and spray coating [10].  

After printing the electrode layer, the drying of the electrode can be done with an oven 

or at room temperature. The curing temperature for supercapacitors was 80 °C and 130 

°C for polymer electrolytic capacitors.. Curing or drying removes the remaining solvent 

or water from the printed film. In Publications I and II the assembling of the device 

was done inside a glovebox under an inert atmosphere, because PC electrolytes are 

sensitive to moisture. In Publications III and IV, the assembling of the device does not 

need an inert environment. In Publications I, II and IV, supercapacitors were assembled 

in a face-to-face configuration by sandwiching the top and bottom electrodes with 

separators in between. Finally, heat sealing or adhesive tape was used to seal the device. 

In Publication III, we made a stacked layer electrolytic capacitor device. It consists of 

anodized Al foil (Alpha 897) as anode and polymer PEDOT: PSS printed on top as a 

cathode, and finally current collector graphite ink is printed on polymer. Figures 13 and 

14 show a schematic drawing of the doctor blade coating and photographs showing the 

screen-printing method, respectively. 
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Figure 13. Schematic representation of the doctor blade coating. 

        

Figure 14. Setup of blade coating (left) and screen printing (right). 

3.3 Device characterization 

Common methods for characterizing the device are cyclic voltammetry (CV) and 

galvanostatic charge-discharge (GCD) measurement. CV is a widely used electrochemical 

characterization technique. In CV the electrode potential is increased linearly as a function 

of time to the maximum value and is swept back to the original value in the opposite 

direction, and the resulting current is measured. The area of the CV curve is used to 

calculate the capacitance of the supercapacitor [76]. Ideal supercapacitors have a 

rectangular CV curve, but in real devices the curve is inflected due to the resistance of 

the device. Capacitance is calculated by dividing current by scan rate. The value of current 

is taken from the discharge curve. Another method for determining the capacitance value 
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is the total charge of the device divided by the voltage. The total charge of the device is 

measured by integrating the current with respect to the time [62]. 

GCD is an established method for determining the capacitance and ESR of the 

supercapacitor. It forms the basis of industrially approved standards such as IEC 62391-

1 [20][77] and ISO 8894 [54] for devices and prototypes. The supercapacitor is charged 

with a constant current and the output voltage is measured. 

The device characterization with a Maccor 4300 unit has been reported earlier [4] [25] 

[63] to calculate capacitance, ESR, and leakage current. The supercapacitors charged and 

discharged three times between 0 and maximum cell voltage with constant current. Then, 

the device voltage was kept constant for 30 mins at maximum voltage and later the device 

was discharged with constant current. The voltage drops occurred immediately after the 

discharge, followed by the liner slope and this voltage was calculated from the slope with 

the MATLAB program. The ESR was determined from the voltage drop at the beginning 

of the discharge process. The ESR value was calculated by dividing voltage drop by 

change in current, as shown in Equation 5. Figure 15 is an example of galvanostatic 

discharge showing the IR drop of the device. 

             ESR =
ΔV

ΔI
                                  (5) 

Where is ΔV is voltage drop and ΔI change in current.  

The device capacitance is determined from two points of the discharge curves using the 

IEC standard [77]. The points are selected at capacitor voltage of 40% and 80%. The 

expression for capacitance is described in Equation 6. 

                   C = I ∗
t2−t1

V1− V2
                             (6) 

where t1, t2, V1 and V2 are the time and voltage at points 1 and 2 on the discharge curve.  

To measure the leakage current, the maximum cell voltage is applied to a device 

constantly for an hour. Then, the float current to maintain that voltage level is reported 

as leakage current. Cell voltage in the case of aqueous electrolyte is 1.2 V and with organic 

electrolyte 2.5 V. Keskinen et al. reported that better encapsulation and robust sealing of 

a device can reduce the leakage current by 50%, from 10–20 µA to 2–10 µA [4].  
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Figure 15. An example of Galvanostatic discharge to measure IR drop value. 

Self-discharge leads to undesired energy loss in electrochemical supercapacitors. The self-

discharge rate can be defined in the following way. The device is fully charged for a 

specified time, normally from 24 to 72 hours or longer for reliable data. After it is fully 

charged the device is disconnected, then the output voltage is measured at different time 

intervals to record the decay voltage. The possible causes of self-discharge are impurities 

in the electrolyte solution causing electrochemical reactions, ohmic leakage, redox 

reactions, and overcharge voltage [78]. The self-discharge rate depends on the charge 

duration of the device. A longer charging time reduces the voltage decay because the 

electrode surface charges uniformly and ions can evenly penetrate through pores [79]. 

Keskinen et al. observed similar voltage decay behavior of the device over time as 

reported in [79]. In addition, the authors of article [4] found that this decay is linear due 

to Faradaic reactions. A possible reason is contamination of materials during printing, 

drying, and assembly in ambient air [4].  

3.3.1 Cyclic voltammetry 

CV measurement was performed to measure the capacitance of the devices with a Zahner 

Zennium potentiostat. In CV, the potential increases over time and when the set potential 

is reached, it decreases in the reverse direction. The current during the anodic and 

cathodic sweep is recorded [62][66]. An example of the CV curve sweeps is shown in 

Figure 16(a). The shape of a CV curve is similar at given scan rates between                         
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10–80 mVs-1. The plot of voltage vs. time at a constant current of 1 mA, 3 mA, and 10 

mA is shown in Figure 16 (b). 

The capacitance value was calculated using Equations 7 and 8. 

The current needed to increase the voltage with the rate of dV/dt for a capacitor with 

capacitance C is 

                                                               I(t) = C
dV

dt
                                     (7)              

The expression for the capacitance is            

                                                  C =  
I

dV/dt
                                      (8)                   

      

 

   

a 



43 
 

       

Figure 16. An example of CV measurements of the supercapacitors (a), and constant current charge-

discharge measurement (b). 

3.3.2 Electrochemical impedance spectroscopy 

EIS is used for characterization of the supercapacitor or electrochemical cells. With EIS, 

we get information about device capacitance and impedance and can construct Bode and 

Nyquist plots. The use of EIS measurement has been reported earlier [80][81][82]. 

In this method a small alternating voltage v(t) of 10 mV amplitude is applied to the device, 

and output current is measured. The excitation frequency of the input voltage is between 

1 Hz - 1 MHz. The voltage-current relationship is given by Equation 9.  

                                      v(t) = Zi(t)                                    (9) 

 where Z is the complex impedance. 

For a Nyquist plot of the device as shown in Figure 17, the complex impedance Z consists 

of a real part and an imaginary part. The equation for the magnitude of the complex 

impedance is given by Equation 10. 

                                       Z = √Z′2 + Z"2                               (10) 

b 
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where Z’ is the real part, referred to as equivalent series resistance (ESR), and Z’’ is the 

imaginary part of the impedance.                             

                

            Figure 17. An example of a Nyquist plot. Adapted from Publication II. 

The parameters defining the ESR of the devices were R1, R2 and R3 as shown in figure 

17. The resistance R1 (left most intersect of Z’) includes the total resistance of current 

collectors and ionic resistance in the separator region. R2 (width of the semicircle) 

describes the resistance of porous carbon electrode as well as the electrolyte inside the 

pores. A slope of about 45° is observed at low frequency, called the Warburg diffusion 

region [83] and R3 is the distributed resistance in the Warburg diffusion region due to 

mass transport of ions. (Discussion with Kai Vuorilehto, pre-examiner) 

3.3.3 Leakage current measurement 

The industrial standard IEC 62391-1 [77] was used to determine the leakage current. The 

supercapacitors were charged to the maximum voltage value depending on organic or 

aqueous electrolyte for 24 hours. A float current to balance the voltage level in 

supercapacitors was measured; this is the leakage current. The Faradaic charge-transfer 

reactions at the electrodes may cause small residual leakage current due to impurities. The 

impurities that are frequently found in carbon materials may be transition metal ions.  
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Final assembly of these devices in a glove box and robust sealing are very important 

to prevent water or oxygen from entering the devices. 
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4   RESULTS AND DISCUSSION 

The aim of the research was to develop a flexible energy storage device and, in parallel, 

to integrate it with energy harvesters to operate low power flexible electronics. Based on 

the specification required by the project (capacitance a few mF, ESR 1-2 Ohm, for 

powering a Bluetooth Low Energy transmission), the target was to develop a 

supercapacitor module that can store sufficient energy for power peaks based on input 

of 3.7 V from a micro battery. Initially, we investigated the effect of varying the materials 

for different parts of the device, such as electrode, electrolyte and current collector. 

Electrode inks were formulated from activated carbon (AC), and carbon black (CB), as 

well as composites of both. Because of the choice of PC as electrolyte in order to achieve 

2.5 V/cell, new inks had to be reformulated based on binders that do not dissolve in PC; 

earlier inks used in the group used chitosan as binder, which is not stable in PC. Several 

different binders were tried but CMC was found to produce inks with the appropriate 

behavior for printing or coating and to lead to good quality electrode films. The AC 

increases the capacitance due to surface area, while carbon black increases conductivity. 

It was found that even relatively small amounts of AC ink give higher capacitance than 

desired, due to its high specific area.  Thus, the pure carbon black ink yielded both 

capacitance and ESR meeting the target values. Because of the goal of using low-cost 

current collectors on polymer film, the two feasible options were Cu and Al-PET 

laminates. The Cu was corroded by the electrolyte, while the Al remained intact, therefore 

it was used in subsequent experiments.  

 

4.1 Substrate and current collector 

In Publications I–IV, we always used flexible substrates and current collectors. The 

requirements were that they needed to be environmentally friendly, low cost, and meet 

the required specifications. For a wireless application like BLE transmission, the ESR 

should be no more than a few ohms to prevent unwanted voltage drop. The required 

peak power is in the mW range for a duration of 10 ms. In Publications I and II, we 

are targeting an ESR of 1–2 Ω, as the supercapacitor module is expected to power a BLE 

transmission. Thus, a metal current collector with high conductivity is needed. Graphite 
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is not sufficiently conductive, therefore Al and Cu were used. We found that the 

propylene carbonate electrolyte corrodes the Cu layer, so Al was a better option. Table 6 

shows the electrical parameters of the devices reported in the publication. A photograph 

of a dual cell supercapacitor with PET/Al laminate and Al foil (Alpha 897) used in actual 

devices is shown in Figure 18. 

Table 6. Electrical parameters of the capacitors reported in the publications.  

Device Substrate Current 

collector 

Capacitance ESR (Ω) Leakage 

current (µA) 

Dual cell supercapacitor PET/Al Al 3–4 mF 1.8–3 0.1–0.3 

Single cell supercapacitor PET/Al Al 8–10 mF 1–2 0.1–0.4 

Polymer electrolytic 

capacitor 

Al foil Al 10–14 µF 9 0.2 

Graphite supercapacitor PET Graphite 10–33 µF 7–10 0.3 

 

                     

Figure 18. Dual cell supercapacitor made on PET/Al laminate (left), adapted from Publication I and Al foil 

Alpha 897 (right).             

In Publication III, Al foil Alpha 897 (TDK) with a thickness of 85 µm was used as 

anode. The anode plate has a high surface area obtained by electrochemical etching. In 

addition, the dense oxide layer on top of the foil is added by anodizing and acts as the 

capacitor dielectric [13]. The thickness of the oxide layer was about 300 nm and 

determined by the supplier by electrochemical anodization method. The SEM image of 

the cross-section and surface structure of the foil are shown in Figure 19.  



48 

PET was used as a substrate and graphite as a current collector in Publication IV. The 

ESR is measured with the help of electrochemical impedance spectroscopy. The ESR of 

the devices comes from electrolyte resistance, contact resistance, and diffusion resistance. 

The Nyquist plot of real and imaginary impedance measured and fitted is shown in Figure 

20. The ESR value of the laminated PET/Al reported in Publications I and II is lower 

than obtained for the capacitor using graphite as current collector.  

The ESR of the devices is limited by the current collector, electrolyte, and contact 

resistance between the electrode and the current collector. The PET/Al metal current 

collector gives lower ESR values than the graphite-coated PET current collector. The 

ESR varies due to the use of different materials in the devices. From the Nyquist plot of 

the single cell supercapacitor as shown in Figure 17, the measured electrolyte resistance 

was about 0.51 Ω (R1), contact resistance between current collector and the electrode was 

about 0.4 Ω (R2), and the distributed resistance was 0.21 Ω (R3). DCSCs have higher 

ESR than a single cell because the total ESR is the sum of individual cells’ ESR. On the 

other hand, the ESR of a polymer electrolytic capacitor is 9 Ω and is mainly due to the 

coated PEDOT: PSS and graphite ink on top of the Al foil.  

                      

      

Figure 19. Al foil cross-section (left) and surface structure (right). Adapted from Publication III. 
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 Figure 20. Nyquist plot of real and imaginary impedance (measured and fitted). Adapted from Publication I. 

4.2 Electrode materials 

The electrode materials used in this work were based on activated carbon (AC) and 

carbon black (CB), as well as composites of both materials.  The device with an all-AC 

electrode gives very high capacitance, due to its high surface area (>100 mF) and 

excessively high ESR due to its low conductivity, thus did not meet the targeted 

specifications for the project in which the work was performed. Composites were also 

unable to meet the specifications. The best combination of low capacitance and low ESR 

was achieved using an ink formulated from CB. While chitosan was used as a binder in 

aqueous supercapacitors, this was not possible in devices using propylene carbonate as 

electrolyte; therefore, new inks needed to be formulated. The best binder for the purpose 

was found to be carboxymethyl cellulose (CMC).  The electrode materials contribute to 

the device’s capacitance, peak power, and energy storage capacity. Electrodes should be 

porous with a high specific surface area. In Publications I, II, and IV, the 

supercapacitors were assembled in a face-to-face configuration as shown in figure 12. In 

Publication III, the capacitor consists of a stacked structure printed layer by layer on a 

single substrate, as shown in Figure 21. Table 6 shows the electrical parameters of the 

devices reported in the publications. 
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Publication I mainly focuses on material selection, design, and scaling of DCSCs for 

energy storage. Reliability studies of these devices in different environments were 

performed in Publication II. The device fabricating process is similar in Publications 

I and II. Super P carbon black bound with carboxymethyl cellulose (CMC) was used as 

an electrode. The carbon particle size is about 40 nm, given in manufacturer datasheet. 

The amounts of carbon black and binder were 90 wt% and 10 wt% respectively. The wet 

thickness of the electrode layer was 100 µm. The specific area of the electrode is less than 

that made using AC ink. Thus, this carbon black is suitable for achieving capacitance of 

only a few mF, as targeted for the specific application. The water-based CMC binder is a 

good choice, and good adhesion was obtained between the electrode and the current 

collector. Another advantage was compatibility with PC electrolyte. The PC electrolyte’s 

voltage window was 2.5 V/cell. The device can be scaled from single cell to multi-cell, 

depending on the application.  

In Publication III, the commercial conductive polymer PEDOT: PSS (Heraeus Clevios 

SV4) was used as a counter electrode. This polymer is highly conductive, transparent, and 

has excellent stability. Because of these advantages, it is widely used in commercial 

electrolytic capacitors for filtering and coupling applications [84] [85]. The initial idea for 

studying these polymer electrolytic capacitors was as an alternative option to the 

supercapacitors, which is to provide power peaks to BLE transmission. However, the 

devices give very low capacitance in the µF range rather than a few mF, and thus were 

not able to power a transmission. The specific capacitance of the printed devices was         

1 µFcm-2, which is close to the nominal value as specified by the supplier. The CV 

measurement of the device is shown in Figure 22. Furthermore, we demonstrated some 

practical applications of these capacitors such as resistor-capacitor (RC) filtering at about 

1.03 kHz frequency and storage. The capacitance of the polymer electrolytic capacitor is 

less than that of the supercapacitors in the other publications. This is not surprising, since 

the dielectric thickness is ca. 300 nm as explained above, compared to the extremely thin 

ionic double layer in supercapacitors.  

 

Publication IV reports on supercapacitors based on the commercial graphite PF407C 

ink used as an electrode, PET as a substrate, and NaCl as an electrolyte. The thickness of 

graphite was 40 µm, and was printed on the top of PET. Here, we connected five aqueous 

supercapacitors (1.2 V/cell) to accommodate the relatively high voltage generated by the 

piezoelectric transducer. The characterization of the flexible piezoelectric transducer 

(PVDF:TrFE) was done with a 4810 BRÜEL & KJÆR mini shaker. The maximum 
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dynamic sensitivity (pC/N) piezoelectric transducer was 24.41 ± 3.2 in normal mode and 

286 ± 52 in bend mode. The piezoelectric transducer was used as an energy harvester and 

integrated with rectifier circuit and storage unit. The details are explained in section 4.3. 

 

     

Figure 21. Polymer electrolytic capacitor. Adapted from Publication III. 
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  Figure 22: Cyclic voltammetry graph. Adapted from Publication III. 
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4.3  Ambient energy harvesting 

There are two main types of energy harvesting methods studied in this research. The first 

one is motion energy harvesting from piezoelectric polymers (Publications III, IV) and 

the second one is light energy harvesting (Publication I) using OPV. The publications 

report the amount of energy generated and their possible applications in low-power 

electronics in more detail, but the key results are summarized here. A photograph of the 

piezoelectric transducer used in this study is shown in Figure 23. Table 7 shows the details 

of the energy source and the amount of energy harvested.  

       

Figure 23. Piezoelectric transducer.  

The amount of stored energy depends on the capacitance and voltage. To maximize the 

energy, both the voltage and capacitance value should be high. On the other hand, an 

excessively large capacitance could make it difficult to fully charge the device, especially 

from weak energy sources. The maximum energy generated was 39 mJ, as reported in 

Publication I. This energy was harvested from indoor lighting. The Infinity OPV module 

was used as an energy harvester and dual cell supercapacitors as an energy storage device. 

The harvester uses an energy harvesting chip (Epeas AEM10941) that advances the 

energy storage efficiency of the supercapacitor and maintains the voltage level at 4.5 V. 

The energy harvested in DCSCs is enough to power a BLE module for 10 ms. The energy 

harvesting setup is shown in Figure 24 and the plot of voltage as a function of time across 

the supercapacitor is shown in Figure 25. 
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Figure 24. Integration of OPV, IC, and supercapacitor. Adapted from Publication I. 

 

     

Figure 25. Voltage measurement across the dual cell supercapacitors as a function of time. Adapted from 

Publication I. 
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In Publications III and IV, a piezoelectric transducer from Joanneum Research Center 

was used as an energy source; the device fabrication process was reported earlier [44] [86]. 

The polymer electrolytic capacitor from Publication III, commercial electrolytic 

capacitors, and graphite supercapacitors from Publication IV were used as energy 

storage devices. The amount of energy harvested and stored in these devices was studied. 

As the aqueous graphite supercapacitors have a maximum voltage of 1.2 V, five 

supercapacitors were connected in a series to achieve higher voltage, but this will 

automatically decrease the total capacitance of the device. The output current from the 

piezoelectric transducer is low. Due to this, we observe that it is slow to charge capacitors 

above 100 µF, and even slower for mF range supercapacitors. Therefore, devices with 

smaller capacitance were used in further experiments. The block diagram of the energy 

harvesting system is shown in Figure 26. The output voltage response of the transducer 

and rectified voltage are shown in Figure 27. The excitation frequency of the motor 

striking the piezoelectric transducer is up to 50 Hz. Even at low frequency, the response 

of the transducer was good; output voltage shows dependency on the excitation 

frequency of the motor. The AC voltage is converted to DC using a bridge rectifier circuit. 

The capacitor charged to peak value within 60s. In the case of graphite supercapacitors, 

the energy storage is only 0.073 mJ because the capacitor value was only 3 µF. On the 

other hand, the amount of energy harvested in both electrolytic capacitors was similar, 

about 1–1.12 mJ. Compared with the OPV module, energy is very low and is not 

sufficient to power BLE transmissions, but it can be used in other low-power devices 

such as a wireless transceiver operating at 67 nW of power and transmitting data at a rate 

of 4.8 kbps [87]. Also, these devices can play important roles in low pass filtering and 

smoothing purposes. 

Table 7: Energy harvested, and storage reported in the publications 

Energy harvester Storage device Capacitance value Energy (mJ) 

Piezoelectric transducer Commercial electrolytic capacitor 22 µF 1.12 

Piezoelectric transducer Graphite supercapacitor 3 µF 0.073 

Piezoelectric transducer Polymer electrolytic capacitor 14 µF 1 

OPV module Dual-cell supercapacitor 3.9 mF 
39 
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Figure 26. Block diagram of piezo energy harvesting module. Adapted from Publication III. 
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Figure 27. Output response of piezoelectric transducer (a) and rectified voltage of transducer 2 to 20 Hz (b). 

Adapted from Publication III. 

4.4 Reliability of the devices  

The mechanical, electrical, and temperature reliability of energy storage devices is very 

important for flexible energy storage applications. In this thesis, the devices show good 

flexibility and robustness under different conditions. Organic electrolyte-based printed, 

flexible supercapacitors were reported in Publication I and their reliability was 

investigated systematically in Publication II.   

 

b 
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Figure 28. CV measurement of device at temperature ranges from -40 to 100 °C at a scan rate of 5 mV/s 

Adapted from Publication II. 

The reliability of the organic electrolyte-based devices under exposure to high and low 

temperatures, cyclic bending, and thermal shock was studied. Figure 28 shows the CV 

measurement of the supercapacitors at a scan rate 5 mVs-1 from 0 to 2.5 V over a range 

of temperatures. The devices are functional at temperatures between -40 °C to 100 °C. 

We observed that capacitance dependence is weaker on temperature that the ESR. Next, 

the subzero temperature was investigated. As the temperature dropped from room 

temperature (RT) to -40 °C, the ESR of the supercapacitor increased from 1.97 Ω to 4.98 

Ω. The EIS investigation shows that increased viscosity and decreased ionic conductivity 

caused higher ESR values. An earlier report on an aqueous 1 M NaCl-based 

supercapacitor shows that the devices were functional down to -15 °C [88]. 

Supercapacitors with organic electrolyte can be used in even colder environments. Since 

one of the targeted applications for the devices was integration into a smart snow ski, the 

improved lower temperature limit of the propylene carbonate-based devices was a 

substantial advantage. Next, the supercapacitors were subjected to cyclic bending. The 

samples were measured before and after bending at specific number of bending cycles. 

The capacitance retention was 100% after 10,000 bending cycles at a bending radius of 

0.41 cm. The devices are functional and have no physical damage or leakage. This is 

Decreasing temperature 
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mainly due to robust sealing and the flexibility of the PET/Al. The minimum recorded 

bending radius was 0.41 cm, which shows enough flexibility in the device for wearable 

and printed electronic applications.  

The supercapacitors were subjected to a dedicated climate chamber for thermal shock 

tests at temperatures between -40 °C and 100 °C. The temperature change rate between 

minimum and maximum was 90° C /min over a cycle of approximately 30 mins. The 

thermal shock test shows a significant decrease in device performance after a large 

number of shock cycles. From EIS, we concluded that this is because of the increase in 

contact resistance between the electrode and the current collector. The reason for 

increasing contact resistance is due to micro cracks and defects on the electrode layer, as 

shown in Figure 29. These cracks lead to poor adhesion of electrode to the current 

collector. As the capacitance is proportional to the electrode area, any cracks or damages 

in the electrode results in a significant decrease in capacitance.  

 

Figure 29. Microscopic image of electrode layer after thermal shock test shows defects and cracks. Adapted 

from Publication II. 

A study of the temperature dependence of the printed polymer electrolytic capacitor was 

reported in Publication III. The device was subjected to a temperature range of between 

20 °C and 90 °C. The shape of the CV curves shows good capacitive behavior at these 

temperature ranges. The area of the CV increases with increasing temperature, thus 

showing the increase in the capacitance value. In the polymer electrolytic capacitor, 

expansion of polymer PEDOT:PSS increases the contact area with Al foil, hence the 

increase in capacitance [89]. The flexibility of the polymer electrolytic is determined by 

Substrate 

Electrode surface 

Cracks, defects 
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bending, twisting, and rolling the device. The minimum bending radius was 0.4 cm, which 

was identical to the supercapacitor based on carbon black and propylene carbonate. 

Photographs of the devices during bending are shown in Figure 30; the CV measurement 

is shown in Figure 31. 

         

Figure 30. Photographs showing flexibility of the supercapacitor (left) and the polymer electrolytic capacitor 

(right). Adapted from (Publications II, III). 

  

Figure 31. CV measurement up to 10,000 bending cycles of supercapacitors at scan rate of 10mV/s. Adapted 

from Publication II. 
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5 CONCLUSION 

In this research work, we fabricated supercapacitors and polymer electrolytic capacitors 

for flexible and wearable energy storage applications. In addition, the devices were 

integrated with OPV and piezoelectric polymer-based energy harvesters. The results 

indicated that the combination of energy harvesting and interim energy storage in 

supercapacitors can be a suitable approach for distributed low-power electronics such as 

sensors and IoT devices.  

Detailed study of the materials and technology was a focus of this research work. As we 

are focusing on printed, flexible supercapacitors in the range of a few mF, experiments 

were carried out initially with a wide range of carbon materials and electrolytes, in order 

to tune the capacitance and ESR to suitable values. Low-cost, nontoxic, and 

environmentally friendly materials were favored whenever possible. 

The answer to research question 1 explains the choice of materials, architectures, and 

processes to meet the targeted electrical specifications of the devices for various 

applications. Based on current experiments and previously reported AC electrode-based 

supercapacitors show capacitance above 100 mF due to AC’s high specific surface area. 

The use of graphite on a metal current collector showed lower capacitance but did not 

achieve the necessary low ESR. The laminated PET/Al metal current collector is a better 

choice due to lower resistance, and in addition there is no issue of Al corrosion with PC. 

The technical goal of the work reported in this thesis is to improve the architectural design 

of dual cell supercapacitors with a suitable ink electrode, electrolyte, and current collector 

in order to achieve capacitance of 3-4 mF and ESR below 2 Ω. Furthermore, the choice 

of the electrolyte in the supercapacitors helps to achieve targeted voltage for high energy 

storage. As a result, it was found that applying low specific area ink made of Super P 

carbon black and PC electrolyte resulted in the required properties. In this way device 

optimization and materials choice helps to achieve the desired electrical parameters.  

Research question 2 asks whether the printed organic electrolyte-based supercapacitors 

achieve the capacitance and ESR values to power radio transmission of information from 

smart objects. We observed that a device can be connected in parallel with a battery or 

work independently for peak powering of a BLE module. We successfully achieved the 
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targeted capacitance and ESR value required to power radio transmission. This was 

demonstrated in the smart ski, where the supercapacitor acts as a secondary energy source 

to power a BLE, while the primary energy source was a thin-film battery. As the battery 

performance drops sharply below 0 °C, the supercapacitor is a critical part of the energy 

module to enable data transmission under cold conditions prevailing on ski slopes. The 

supercapacitors can be further optimized from single cells to multi-cell, depending on the 

targeted requirements. The supercapacitors in a multicell module are connected in series 

in order to achieve a higher storage voltage. A metal current collector is chosen in order 

to minimize the ESR. The capacitance is proportional to the electrode area, thus higher 

capacitance uses a large electrode area. Similarly, for large capacitance application AC ink 

is a better choice than carbon black. One disadvantage of metal current collectors is the 

possibility of corrosion with aqueous electrolyte. Also, if the ESR is not too critical, 

graphite can be used as a current collector with aqueous electrolyte. 

Research question 3 asked about the integration of printed electrolytic capacitors with 

electronics circuits and their ability to act as possible energy storages. The printed 

electrolytic capacitors are flexible, light-weight, and can be easily integrated with a 

piezoelectric energy harvester module for possible energy storage of about 1 mJ. These 

devices can also be used in low pass filtering circuits in the 1.03 kHz range, and with a 

bridge rectifier circuit as a smoothing capacitor, it is possible to achieve efficiency of 81%, 

as demonstrated in Publication III.  

Research question 4 is about energy harvesting and energy storage in novel devices. 

Therefore, we focused on the possible amount of clean energy from the ambient 

environment and storing it in our fabricated novel devices. The two main energy 

harvesting devices were OPV and a piezoelectric transducer. In Publication I, an energy 

management IC was integrated with OPV and DCSC, which have advantages like 

regulated power to the DCSC, charge balance across the device, increased storage 

efficiency, and device protection. The maximum storage voltage across the DCSC device 

was 4.49 V. The maximum amount of energy harvested with an OPV module from an 

indoor light source was 39 mJ. The harvested energy was enough to provide power peaks 

to energy-autonomous devices such as BLE transmission, sensors, IoT, and other low-

power applications. On the other hand, with a piezo energy harvester, the maximum 

energy harvested was 1.12 mJ. This energy can be used to power portable devices such as 

cardiac pacemakers, Wi-Fi (in sleep mode), hearing aids and Bluetooth (in sleep mode).  
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The answer to research question 5 about the functionality of the devices under extreme 

environmental conditions is described in Publication II. The reliability test of the 

devices under different conditions is also an important aspect of this thesis. The 

temperature results show that the supercapacitor can operate in a wide temperature 

range of -40 °C to 100 °C. We observed an increase in the capacitance with increasing 

temperatures. For devices operating at subzero temperatures, the ESR is the main 

limiting factor. The thermal shock results in a decrease in device performance because 

of the micro cracks and defects in the electrode layer due to rapid temperature cycling. 

In terms of flexibility and robustness, the device gives 100% retention up to 10,000 

cycles and the minimum bending radius was 0.41 cm, while devices can be implemented 

in many flexible and wearable electronics applications. Due to time limitation, the 

flexibility test was performed up to 10 K cycles, as explained above, and these tests 

showed reliable electrical performance of the device when integrated with a smart ski.  

Similarly, the CV curve of the polymer electrolytic capacitor indicates that these devices 

were stable from 20 °C to 90 °C. An increase in contact area due to thermal expansion 

of polymer is the main reason for capacitance increase in the device.  

Thus, simple and inexpensive printing technology with novel materials was used for 

fabricating supercapacitors and polymer electrolytic capacitors for energy storage 

applications. The devices are flexible and highly reliable. They can be scalable depending 

on the need for storage capacity, and in the near future they may be compatible with 

R2R printing techniques. The polymer electrolytic capacitor in our research is limited 

to a few µF capacitance only, but in the near future this capacitance can be improved 

with new dielectric materials with higher dielectric constant, using atomic layer 

deposition. This technique can enable higher capacitance, which will make the capacitor 

suitable for a larger number of applications.  
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As the demand for supercapacitors in various flexible and wearable energy sectors grows, reliability becomes a key aspect to 
consider. We report the fabrication and reliability study of printed, flexible organic electrolyte-based supercapacitors. The 
supercapacitor can be operated over a wide temperature range from -40 °C to 100 °C with excellent repeatability and stability. 
Thermal shock tests led to a defect in the electrode layer's microstructure, which reduces the supercapacitor performance. Cyclic 
bending experiments show that the device has excellent robustness, mechanical flexibility, long-term electrical stability, and 
100 % capacitance retention up to 10000 bending cycles with a bending radius of 0.41 cm. Thus, the device is suitable for 
wearable and flexible energy storage applications over a wide temperature range. 

 

Keywords: Supercapacitor, Reliability, Electrolyte, Flexible, Temperature 

 

1. Introduction 
Supercapacitors, also known as electric double-layer 
capacitors (EDLC), ultracapacitors, or electrochemical 
capacitors [1][2]. Supercapacitors have attracted great 
attention because of their high efficiency, long cycle life, high 
power densities, wide temperature ranges [3][4], and quick 
charging time [5]. In many energy applications, 
supercapacitors are used for providing short term power peaks 
to devices such as electric vehicles and power tools, as well as 
for storing energy to power active RFID tags, sensors, sensor 
networks, and Internet of Things devices (IoT) when the 
primary energy source is unavailable [6]. Supercapacitors can 
also be suitable for operation over  temperatures from -40 °C 
to 100 °C [7][8]. In general, a supercapacitor structure is made 
up of highly porous electrodes, current collectors, separator, 
and electrolyte. The operation voltage of supercapacitor is 
limited due to the electrochemical window of the electrolyte.  

Compared to the aqueous electrolyte, organic electrolytes can 
have higher potential window. Some organic electrolytes can 
provide potential up to 3.3 V, where as with aqueous 
electrolyte the potential is about 1.3 V [9]. In this reliability 
study, we used supercapacitors comprising propylene 
carbonate electrolyte, which can provide up to 2.5 V per cell 
despite being of low toxicity and cost.  

With the recent growth in portable, flexible, wearable, 
miniaturized electronic products, the demand for flexible and 
reliable energy storage devices such as supercapacitors has 
increased. An energy storage device for such applications 
should be low-cost, environmentally friendly, lightweight, and 
operate over a wide temperature range [10]. Supercapacitors 
offer a solution to meet the growing demand for consumer 
electronics and are widely investigated in terms of reliability 
[11]. Reliability is a method to check whether the device can 
perform a required task in specific condition for a given time 



interval [12]. Reliability testing, including the determination 
of failure mechanisms [13], is very important, due to energy 
storage demand at extreme conditions, and is widely applied 
to power electronics systems and devices such as inductors, 
semiconductors,  inverters, capacitor banks [14][15] etc., as 
well as to supercapacitors. Kötz et al [8] investigated 
temperature dependency behavior of an activated carbon-
based supercapacitor in the range -40 °C to 70 °C using 1 M 
tetraethyl ammonium tetrafluoroborate (TEABF4) in 
acetonitrile and in propylene carbonate (PC). Similar 
temperature dependent measurement was reported by Liu et al 
[16] and Gualous et al [17]. In those cases, the temperature 
was limited to below 80 °C, even though PC electrolytes can 
withstand higher temperatures [18]. Azais et al [19] 
investigated electrode pore blockage and gas evolution due to 
organic electrolyte decomposition on electrode materials. 
Bitter et al [20] observed structural modification of the 
electrode because of oxidation and reduction. Hahn et al [21] 
found that overvoltage led to a significant expansion of the 
electrode, and even nominal voltage might result in 
decomposition of electrode and electrolyte. Oz et al [22] 
investigated the microstructure of the electrode-electrolyte 
interface changes upon degradation and electrolyte parasitic 
reactions resulting in  precipitation onto the porous surface. 
This limits the transport of the electrolyte ions to the porous 
electrode and reduces the performance.  

Under extreme conditions, storing energy is still very 
challenging. A key goal of reliability testing of 
supercapacitors is to determine their ability to reliably fulfill 
performance requirements over the targeted range of operating 
conditions. We have previously reported printed, flexible 
supercapacitors based on PC electrolyte and carbon black 
electrodes as energy storage units for low power electronics 
[23], and report here the result of reliability studies on these 
devices in different environments, concentrating on 
performance over a range of temperatures, cyclic bending 
stability, and reaction to thermal shock. We confirm the 
functionality of these devices, and possible reasons for the 
failure following thermal shock tests. In addition, further 
necessary steps to overcome those failures and design 
optimization to meet requirements for performance are 
discussed.  

2. Experiments 
The schematic structure of the supercapacitor is shown in 
figure 1(a,b). We have reported the fabrication process of 
similar supercapacitors earlier and briefly summarize the 
process here [1][23][24][25]. A polyethylene terephthalate 
and aluminum (5 cm by 4.5 cm) (PET/Al, Pyroll, thicknesses 
50 µm and 9 µm, respectively) was used as a current collector. 
The electrode ink was made with 90 wt% of highly conductive 
Super P carbon (Timcal) and 10 wt% carboxymethyl cellulose 

(CMC) binder. The deionized water added to the mixture to 
suitable viscosity. The target use case for these devices is as a 
power peak provider for Bluetooth Low Energy (BLE) 
transmission in conjunction with a small, printed battery; as a 
result, the target was a relatively small capacitance of a few 
mF and a low ESR on the order of 1-2 Ohm. We therefore 
formulated an electrode ink based on super P carbon black 
which yields lower capacitance than activated carbon, and also 
reduces ESR due to high conductivity.  These supercapacitors 
can store sufficient energy and deliver sufficient peak power 
for a BLE transmission [23]. The laboratory-scale doctor 
blade unit (Mtv Messtechnik), shown in figure 1(c), was used 
to print the electrodes on the current collector (substrate). The 
electrode area of the fabricated supercapacitor was 2 cm by 3 
cm and the wet thickness of the was 100 µm. The curing 
temperature of electrodes were 60 °C for 15 minutes.  

Once curing was completed, the electrodes were moved to a 
nitrogen-filled glove box in order to assemble the device in a 
clean environment free of water and oxygen.  Then, 1 M 
tetraethylammonium tetrafluoroborate (TEABF4) in 
propylene carbonate (PC) electrolyte was prepared. Although 
there are other organic electrolytes with wider electrochemical 
windows (the maximum voltage per cell in the reported 
devices is 2.5 V), PC was chosen due to low cost and low 
toxicity. Before assembling the device, the separator and 
electrode surface was made wet enough with electrolyte, so 
that the pores get filled. The supercapacitors were then 
assembled in a sandwiched structure. The electrodes were 
aligned face to face, separated by the separator (Dreamweaver 
Titanium 40, dimension 2.5 cm by 3.5 cm). The 3M adhesive 
tape was used for the adhesion of the electrodes. The overall 
thickness of the device was about 0.5 mm. 

A Zennium electrochemical workstation (Zahner Elektrik 
GmbH) and software were used for cyclic voltammetry (CV) 
and electrochemical impedance spectroscopy (EIS) 
measurements. The supercapacitors were characterized before 
and after testing.  From these, the capacitance and equivalent 
series resistance (ESR) were determined. Based on the 
reliability analysis from the cyclic voltammetry at different 
scan rates and electrochemical impedance spectroscopy, the 
variation of the capacitance and equivalent series resistance 
was explained. 

Initially, device performance over a wide temperature window 
ranging from -40 °C to 100 °C was studied. Electrolyte 
conductivity is one of the most important temperature-
dependent properties determining device performance. The 
operating temperature effect the properties of the electrolytes 
(e.g. viscosity, thermal stability, solubility, and ionic 
conductivity). Thus, it leads to changes in capacitance and 
ESR with temperature. In our experiment, in order to compare  
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the influence of the temperature on ESR and capacitance of 
propylene carbonate electrolyte, the device performance at 
room temperature (RT) was compared with measurements at 
low and high temperatures. The supercapacitor was subjected 
to a climatic test chamber (ESPEC). The results are presented 
and discussed in Section 3.4. 

Next, the robustness of the devices under bending was 
investigated. While commercial supercapacitors are mostly 
provided in rigid can-like packages, printed supercapacitors 
have the potential to be highly flexible, and thus easy to 
integrate into thin, flexible device applications. We have 
performed cyclic bending tests on our devices using a Mark 
10 bending test system. This testing system is commonly used 
in electronics for purposes such as bend, peel strength, shear, 
and component pull-off testing. The cyclic bending setup is 
shown in figure 5 (a,b,c). One end of the device was attached 
to the upper grip and the other end was attached to the lower 
grip. The lower grip was fixed, and the upper grip was 
adjustable, moving up and down, thus bending the 
supercapacitors for a specified number of cycles, 8 secs/cycle. 
Cyclic voltammetry was used to characterize the electrical 
response of the supercapacitors during these mechanical 
deformations. The results are presented and discussed in 
Section 3.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In our final experiments, the printed supercapacitors were 
subjected to thermal shock cycling in a dedicated climate 
chamber between temperature extremes of -40 °C and 100 °C. 
The temperature change rate between the extremes of 
temperatures was 90°/min and dwell time at each temperature 
extreme 15 minutes, resulting in an approximately 30-minute 
cycle. Altogether 500 cycles were conducted. The electrical 
parameters of the supercapacitors were measured before 
testing as well as after 100, 300, and 500 cycles.  The thermal 
shock cycle of the process is shown in figure 7, where the 
temperature is set to T0= -40 °C and T1 = 100 °C, t1=t2= 15 
minutes. The results are discussed in Section 3.6. 

3. Results and Discussion 

3.1 Cyclic voltammetry measurement 
CV is often used in electrochemical studies. Using equations 
(1,2) [26][27], the capacitance value was calculated. As 
indicated in figure 2(a), CV sweeps were obtained at various 
scan rates ranging from 10 mVs-1 to 80 mVs-1 at voltage range 
from 0 to 2.5 V. Figure 2(b) shows the measured capacitance 
value from 9 to 10 mF at different scan rates. The capacitance, 
voltage, and ESR of these devices are sufficient for a two-cell 
module to apply in BLE transmission. 

a 

b c 

Figure 1. Schematic drawing of electrode top view(a), a cross-section of the entire device (b), and doctor blade 
printing method (c). Layer thickness is not to scale 

 



 

The expression for the current with applied voltage V(t) to the 
supercapacitor is given as follow. 

              Iሺtሻ ൌ C ୢ୚ୢ୲    ---------------------- 1 

The capacitance relation with current and scan rate is given by                 C ൌ ୍ሺ୲ሻୢ୚/ୢ୲     ---------------------- 2 

where dV/dt is the scan rate. 

The CV curves show symmetric rectangular shapes that are 
close to ideal capacitive behaviors of the cells. Figure 2(c) 
shows device’s galvanostatic charge-discharge curves with a 
constant current of 1 mA, 3 mA, and 10 mA from 0 to 2.5 V. 
The charging-discharging curves of the device are relatively  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

symmetrical which indicates good capacitive characteristics. 
Furthermore, voltage-time curves are linear, implying that the 
electrodes are stable [27][28]. 

3.2 Electrochemical Impedance spectroscopy  

This electrochemical method is often applied to characterize 
the supercapacitors. This method starts with applying an AC 
voltage to an electrochemical cell and then measuring current 
flowing through it. The amplitude of the excitation signal 10 
mV with excitation frequency in the range from 1 Hz to 1 
MHz. The Nyquist plot of the supercapacitor is shown in 
figure 3(a). Figure 3(b) shows plot of impedance (real and 
imaginary) as a function of frequency. As described in 
Equation (3), the total impedance (Z) is a combination of real 
and imaginary values. The equivalent series resistance is 
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Figure 2. A plot of cyclic voltammetry measurement (a), capacitance vs scan rate (b), and charge-discharge measurement 
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measured from real part of the Nyquist plot.     

               Z ൌ √Zᇱᇱଶ ൅ Zᇱଶ  ----------------- 3 

Where, Z’’ and Z’ are imaginary and real part respectively.  

The porous structure of the active material result a slope line 
of 45° at the intermediate frequency, which defines the 
distributed resistance and is also known as Warburg diffusion 
region. The steeper slope indicates higher diffusion capability 
of ions entering the pores [29]. At high frequencies ranging 
from 1 kHz to 1 MHz, a semi-circle loop was observed. As 
shown in figure 3(a,b), the ESR intersects the real axis Z’and 
decreases towards higher frequencies. The ESR value of 
device was from 1.1 Ω  to 2 Ω. The ESR consists of the 
electrolyte resistance (denoted as R1, left most intersect Z’), 
electrode and current collector’s contact resistance ( denoted 
as R2, width of the semicircle), and porous active material’s 
distributed resistance (denoted as R3, 45° segment) [8][25]. 

  

 

 

 Figure 3: Nyquist plot (a), and plot of real and imaginary 
impedance as function of frequency (b) 

3.3 Leakage current 

The leakage current in our supercapacitors was measured by 
applying 2.5 V for 24 hours. Inorder to maintain that voltage 
level, a small float current needed which is called a leakage 
current. By using the industrial standard IEC 62391-1 [30], 
leakage current was recorded. Very low leakage current 
between 0.1 µA and 0.4 µA was measured. The impurities at 
the electrodes due to Faradiac charge-transfer reactions may 
cause small residual leakage current. The impurities which are 
frequently found in carbon materials may be transition metal 
ions. Final assembly of these devices in glove box and robust 
sealing is very important to prevent water or oxygen from 
entering the devices.  

3.4 Temperature test 

The CV curves at scan rate 5 mV/s (0 - 2.5 V) and the EIS 
measurement graph, from which capacitance and ESR were 
determined between -40 °C and 100 °C, are shown in figure 
4(a,c). The CV curves are relatively rectangular, indicating 
good capacitor performance and electrode stability. However, 
the area of the curve changes due to the effect of temperature 
on the electrochemical performance of the supercapacitor. The 
reference RT capacitance and ESR values were 8.5 mF and 
1.97 Ω, respectively. The plot of ESR as function of 
temperature is shown in figure 4b. Table 1 shows the 
supercapacitor capacitance and ESR performance under 
different temperature conditions. The dependence of  
capacitance on temperature is substantially weaker than the 
dependence of ESR. The capacitance increased by 11% at 100 
°C and decreased by 7 % at -40 °C.  On the other hand, there 
is a significant change in ESR with a decrease in temperature. 
The ESR value increases from 1.97 Ω to 4.98 Ω  from RT to -
40 °C. The increase in ESR at low temperature is due to the 
increased viscosity and reduced ionic conductivity of the 
electrolyte. As can be seen from figure 4(c) with the help of 
the Nyquist plot, the major component contributing to ESR  is 
the electrolyte resistance (leftmost intersect of the real axis 
Z’), which gradually increases with decreasing temperature. 

At RT the electrolyte resistance was 0.55 Ω, which increased 
to 2.32 Ω at -40 °C. This results from the increased viscosity, 
which inhibits free movement of ions in the electrolyte and 
through the porous separator and pores in the carbon electrode. 
The second dominant factor was the distributed resistance due 
to ion diffusion in the porous active material which was 0.1 Ω 
and 0.9 Ω at RT and -40 °C, respectively. The difference in 
ESR is very small at high temperature. In addition, the 
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supercapacitor retained its room temperature capacitance 
when cooled from 100 °C and defrosted from -40 °C, 
indicating stability and repeatability of the device.  

The results reported here for flexible supercapacitors are 
consistent with earlier work on organic electrolytes-based 
supercapacitors in other architectures. Liu et al [16] 
investigated a rise in ESR for PC-based supercapacitors from 
16 mΩ to 77 mΩ for RT and -30 °C. Kötz et al [8] reported an 
increased in ESR  by 200% from 2.5 mΩ to 7.5 mΩ, mainly  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

dominated by the distributed resistance at the 45° region. Zhi 
et al [31] reported significant changes in ESR from 135 mΩ 
to 876 mΩ at 60 °C and -40 °C respectively.  
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Figure 4. Cyclic voltammetry measurement at a different temperature from -40 °C to 100 °C at 5mV/s (a), Plot of 
equivalent series resistance vs temperature (b), and Nyquist plot of real and imaginary impedance (c) 
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Table 1. Capacitance and ESR change with temperature 

Temperature 
(°C) 

Capacitance 
(mF) 

Change 
capacitance 
% 

ESR Change  
ESR % 

100 9.5 11 1.78 -9.6 
80 9.4 10.5 1.85 -6.0 
60 9.3 9.4 1.9 -3.5 
40 8.7 2.3 1.93 -2.0 
RT 8.5 0 1.97 0 
0 8.4 -1.1 2.5 26.9 
-20 8 -5.8 3.13 58.8 
-40 7.9 -7 4.98 153 

 

3.5 Cyclic bending test 

The cyclic voltammetry curves are almost identical, indicating 
excellent and long-term mechanical, electrical stability, and 
reliability under deformations. Figure 5 shows the 
measurement Mark 10 setup. Similarly, figure 6(a) shows the 
CV measurement at up to 10000 bending cycles. The plot of 
capacitance retention is shown in figure 6(b). We observed 
100 % capacitance retention and the ESR was constant at 
about 1.1 Ω after 10000 bending cycles. The devices are well 
functional and the electrochemical performance is well 
maintained under various deformations. There was no sign of 
physical damage, delamination, or leakage in the device due 
to robust sealing. The minimum bending radius tested was 
0.41 cm, which indicates sufficient flexibility for a wide range 
of printed and wearable electronics applications.  

3.6 Thermal shock test  

Gualous et al [17] investigated the reaction of conventional 
supercapacitors to thermal shock and found a decrease in the 
electrical performance. However, in their study, the 
temperature was limited to between -20 °C to 80 °C and 20 
cycles only, even though PC electrolyte has the potential to 
withstand temperatures much higher than 80 °C [18].  

The area of the CV curves becomes smaller in size as shown 
in figure 8(a), indicating reduced capacitance, and ESR 
increases as the number of test cycles increases. The 
supercapacitor behaves relatively well up to 100 cycles, 
followed by more severe degradation with increasing number 
of thermal shock cycles. The capacitance decreased to less 
than half of the initial value, from 9.5 to 3.5 mF, after 500 
cycles. From the Nyquist plot of real and imaginary 
impedance, we observed that there is a significant increase in 
the contact resistance between the current collector and 
electrode at 500 cycles (width of semicircle), as shown in 
figure  8(b). Even though the electrolyte and diffusion 

resistance increase, the contact resistance is dominant, at about 
40 Ω. To investigate a possible cause, the electrodes were 
analyzed under a microscope Olympus BX51. As shown in 
figure 9, the microscopic images show microstructural 
defects, cracks, and peel-off of the electrode after being 
subjected to thermal shock cycling. The degradation in the 
microstructure of the electrode layer results in weak contact 
with the current collector. This is believed to be due to the 
difference in coefficients of thermal expansion for the 
materials in the polymer/aluminum/carbon stack and is the 
most likely cause for the decrease in the electrical 
performance of the supercapacitors. 
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Figure 5. Photograph of mark 10 test setup system (a), before bend(b), after bend (c) 

a b 

Figure 6. CV measurement up to 10000 bending cycles at scan rate 10mVs-1 (a), a plot of capacitance retention vs 
bending cycles (b) 
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Figure 7. Thermal shock test process 
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Figure 8. Cyclic voltammetry measurement before and after thermal shock test (a), and Nyquist plot (b) up to 500 cycles 

0 5 10 15 20 25 30 35 40 45 50

-30

-25

-20

-15

-10

-5

0

Z 
''(
Ω

)

Z '(Ω)

Initial

100 cycles

300 cycles
500 cycles



 

 

4. Conclusion 

In this work, we report a systematic reliability study of an 
organic electrolyte-based, printable, and flexible 
supercapacitor. The devices, which contained 1 M 
TEABF4/PC as electrolyte, were shown to operate 
successfully over the quite wide temperature range of -40 °C 
to 100 °C. The capacitance depends only weakly on 
temperature, while the ESR varies considerably. At sub-zero 
temperature, the ESR is the main limiting factor in terms of 
the electrical performance of the supercapacitor. Despite the 
stability to gradually changing temperature, thermal shock 
tests cause a significant decrease in device performance. This 
is due to an increase in contact as a result of formation of  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

microcracks and defects in the porous electrode layer, which 
causes poor electrical contact to the current collector. The 
supercapacitors show excellent electrical performance under 
cyclic bending tests, confirming mechanical flexibility, 
stability, and robustness under up to 10000 bending cycles, 
with a minimum bending radius of 0.41 cm. Thus, these 
printed, simple structures, and lightweight supercapacitors are 
well suited and very promising for wearable and flexible 
electronics for energy storage applications. 
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Figure 9: Microscopic images of printed electrode surfaces, before thermal shock test (a), and after thermal shock test (b) 
removal of the electrode layer (white spot area) and (c) cracks, defects, and peel off of the electrode layer 
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Abstract 

We report the fabrication of flexible, printed polymer electrolytic capacitors and their implementation in printed electronics 
applications such as filtering, rectification and energy harvesting and storage. Capacitors were fabricated by depositing 
conductive polymer PEDOT:PSS onto porous anodized aluminum foil and yielded specific capacitance of 1µFcm-2. This is far 
higher than values reported for printed plate capacitors and opens up the possibility of new applications in printed electronics 
related to filtering and smoothing at low frequencies. In this work, we have used printed polymer electrolytic capacitors to 
implement an RC (Resistor capacitor) first order 1.03 kHz passive low pass filter, a full wave bridge rectifier circuit and a 
piezo-transducer energy harvester. An integrated full wave bridge rectifier based on these devices shows an efficiency of 80.5% 
at 1 kHz. When integrated with a vibration-motion based flexible piezoelectric transducer, the devices are able to generate and 
store about 1 mJ energy, which is a sufficient amount of energy for some low power electronics applications.  

 

Keywords: PEDOT:PSS, Electrolytic capacitor, RC filter, Rectifier, Transducer, Harvester, Energy storage 

 

1. Introduction 

   A capacitor is an important component in analog and 
digital electronic circuits.  The most commonly known 
capacitors consist of a dielectric layer between two plate 
electrodes, and can cover a wide range of sizes and 
capacitance, but other types such as electrolytic capacitors and 
supercapacitors are also used, and we have reported 
previously on the use of printed supercapacitors as energy 
storage devices [1][2][3]. The required electrical parameters, 

such as capacitance, working voltage and maximum power, 
vary depending on their applications. For example, capacitors 
are used for smoothing in radio frequency identification 
(RFID) tags and wireless power harvesting systems for 
Internet of Things (IoT). Heljo et al. reported a printed RF 
charge pump circuit that included printed 1.3 nF capacitors 
[4]. In these studies, printed plate capacitors in the nF range 
were used, which was suitable for these frequencies. On the 
other hand, rectification and smoothing of lower frequencies 
requires a capacitance in the µF range, which is not easily 
accessible to printing.  
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Electrolytic capacitors can have far higher capacitance than 
conventional plate capacitors of similar size, due to the high 
specific surface created by etching technologies. Foil etching 
is an electrochemically controlled selective dissolution 
process, which can produce 3D structures from nano to 
micrometric dimensions inside the aluminium foil. The 
geometric form of these structures depends on the 
combination of electrochemical process parameters, 
electrolyte composition and the crystal properties of the used 
aluminium foil [5] . 

A particularly interesting type of device is the polymer 
electrolytic capacitor. Typically, these devices comprise a 
polymer electrolyte or conducting polymer instead of a liquid 
electrolyte, and a porous aluminium film which has been 
oxidized as one electrode, with a current collector on the 
polymer, which effectively acts like a second electrode, with 
the aluminium oxide functioning as a very thin dielectric. The 
conductive polymer PEDOT:PSS (Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate), which has 
been used in a variety of applications in printed electronics 
such as supercapacitor, organic light emitting diode, 
transistors etc. due to its high conductivity, transparency as 
well as excellent stability [6], has become the most common 
polymer in  commercial polymer electrolytic capacitors. 
Polymer electrolytic capacitors can have large capacitance, 
low equivalent series resistance (ESR) and excellent bias 
characteristics, which can make them suitable for smoothing 
and filtering applications in e.g. the kHz range and below, 
which can be a common frequency range in motion energy 
harvesting. Polymer electrolytic capacitors are widely used in 
numerous electronic devices, such as in digital cameras, panel 
displays, computer motherboards, integrated circuits and 
charge storage [7]. 

In analog circuit design, it is essential to control high 
frequency signals in order to get the desired signal using low 
pass filter circuits.  A low pass filter allows or passes signals 
of lower frequencies while rejecting frequencies above the 
cutoff frequency. The cutoff frequency is the frequency of 
reference for the operation of the filter. 

In this paper, we report the fabrication of a printed 
PEDOT:PSS based electrolytic capacitor in the µF range and 
describe its application in low frequency circuits such as 
rectifier, resistor capacitor (RC) low pass filter and a piezo 
transducer energy harvester system. The polymer capacitor 
connected across the load acts as a smoothing capacitor and 
attenuates noise and ac variations. When the capacitor is used 
as a smoothing component in a rectifier connected to a 
piezoelectric energy harvester, it can additionally be used to 
store small amounts of energy as part of a clean and renewable 
energy source. The use of conventional batteries in such a 
system is not an optimal solution, not only due to the small 
amount of energy being produced, so that it would take an 
excessively long time to charge a battery, but also because of 

lower  life cycle than capacitors, and the presence of corrosive, 
poisonous or strategically problematic materials. [8][9][10]. 
Due to advances in low power electronics, polymer 
electrolytic capacitors might be an alternative approach in 
energy storage units, e.g. for powering low-energy circuitry or 
low-power radio transmission. 

2. Experiments 

2.1 Fabrication of polymer electrolytic capacitor 

   The schematic structure of the polymer electrolytic 
capacitor is shown in figure 1. Figure 1 was not drawn to scale 
due to vast difference in length scales for various layers, 
between nm and µm, as well as the porosity of the aluminum 
foil. It consists of an anode and a cathode separated by a 
dielectric layer (Al2O3). Aluminum foil Alpha 897 220V 
(TDK Foil Italy S.p.A.) with thickness of 85 µm was used as 
anode. The foil was supplied etched and porous, with an oxide 
layer of ca. 300 nm produced by anodic oxidation. The etching 
process is mainly composed of two steps, pre-etching (the 
formation of fine tunnels) and etching (tunnel enlargement 
according to the desired tunnel diameter). The surface of the 
etched foil is covered by an aluminum oxide layer, which 
serves as dielectric. Therefore, the tunnel diameter of the 
etched foil must be optimized to accommodate the thickness 
of this layer, which increases with increasing forming voltage. 
The oxide layer for main capacitor applications is made of 
crystalline high purity γ-alumina with a low leakage current 
behavior. Due to low yield as a result of cracking of the brittle 
as-received oxide layer during handling, an additional 
oxidation was performed before device preparation to heal 
cracks. This was performed in 0.01 molar citric acid at a 
voltage of 35 V, (total oxide thickness 1.4 nmV-1), using a 
platinum metal as cathode and the aluminum foil as anode. 
The reforming at 35 V leads to a thickness of ca. 49 nm on top 
of the cracks, which is thinner than the average layer on the 
as-received foils but, due to low relative surface area, does not 
make a substantial difference in the capacitance. After 
anodization, highly conductive, stabilized poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate PEDOT:PSS 
(Heraeus Clevios S V4) was deposited onto the foil by doctor 
blade coating [11]. The thickness of the ink layer was 200 µm 
and the area 16 cm2. The curing temperature was 130 ºC for 
30 minutes. Finally, a current collector made of graphite ink 
(Henkel Electrodag PF-407C) with thickness of 150 µm and 
area 14.4 cm2 was printed on top. The ink was cured at 60 ºC 
for 20 minutes and a 50 µm thick copper tape (3M) was 
attached on top of graphite for robust electrical contact.  
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3. Results and Discussion 

3.1 Microstructure 

    Microscopy analysis of etched and formed aluminium foil 
before and after deposition of polymer was performed with 
scanning electron microscopy (SEM) as shown in figure 3 and 
4. The standard capacitor foil is etched and formed on both of 
the surfaces. In this study the protype capacitor has been 
prepared using only one surface of the foil with polymer 
deposition (as shown in figure 4(a)). The porous fine tunnel 
structure of aluminium is clearly visible as well as the 
PEDOT:PSS layer with  thickness of 4-6 µm. Energy 
dispersive X-ray analysis (EDX) analysis in figure 5 reveals 
the presence of organic compounds especially due to sulphur, 
which is attributed to the PEDOT:PSS layer. Near the 
interface between aluminium foil and polymer deposit, we can 
see only some traces of carbon. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Schematic structure of polymer electrolytic 
capacitor. 

(a) (b) 

Figure 2: (a) Doctor blade printing method (b) Fabricated 
electrolytic capacitor. 

 

                                    

         Figure 3: Formed Al foil (a) cross section (b) surface structure. 

 

                                   

        Figure 4 : Deposited PEDOT:PSS (c) cross section (d) surface structure. 

(a) (b) 

(c) (d) 

Sample holder  

Al foil 

Sample holder  

Polymer layer  



 

4 
 

 

         Figure 5: EDX analysis of the surface with PEDOT:PSS. 

 

3.2 Device characterization 

 

 

3.2.1 Cyclic voltammetry measurement 

    A Zennium electrochemical workstation (Zahner Elektrik 
GmbH) was used for the characterization of the polymer 
electrolytic capacitor using cyclic voltammetry (CV) and 
electrochemical impedance spectroscopy (EIS). In the CV 
method, voltage is scanned linearly with time to maximum 
value and then back to original value and current is recorded 
[12]. CV sweeps were measured at different scan rates from 
10 mVs-1 to 100 mVs-1 (see figure 6(a)). The value of 
capacitance was measured using the formula given in equation 
2.  The defined capacitance at different scan rates is shown in 
figure 6(b). The values were in the range 13.3 µF to 14 µF.   

If V(t) is an applied voltage to the capacitor, then the current 
I(t)=𝐶

𝑑𝑉

𝑑𝑡
 -------------------------------(1)    

Then Capacitance, C= 𝐼(𝑡)

𝑑𝑉/𝑑𝑡
  ------------------ (2)  

where dV/dt is the scan rate [13].    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

 

Figure 6: Device characterization (a) Cyclic voltammograms graph. (b) Capacitance vs scan rate. (c) Equivalent 
series resistance defined from Nyquist plot. (d) Plot of real and imaginary impedance vs frequency. 

(b) 

(c) 
(d) 
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The Nyquist plot in figure 6(c) shows real (Z’) and imaginary 
(Z’’) impedance of the polymer electrolytic capacitor and the 
extraction of the ESR from the plot. The frequency range was 
1 Hz - 100 kHz to generate the impedance curve until loop was 
observed. The curve is nearly vertical at low frequencies, a 
sloped line at middle frequencies,  and a semicircle loop at 
high frequencies [14]. The equivalent series resistance was 
found from the curve to be about 9 Ω. 

3.2.2 Mechanical and electrical reliability 

   Mechanical, electrical, and environmental robustness is 
critical for the reliability of electronic components in flexible 
applications. In order to evaluate the flexibility of the 
electrolytic capacitors, the device was bent, twisted, and rolled 
using a rod with a radius of curvature of 0.4 cm while cyclic 
voltammograms of the device at 100 mVs-1 were measured 
and compared to flat devices, as shown in Figures 7 and 8. The 
CV curves were identical, thus the device shows good 
mechanical as well as electrical stability.  

 

       

Figure 7: Photograph of electrolytic capacitor under bending test 
(rolled and twisted). 

 

Figure 8: Cyclic voltammograms under different bend conditions. 

We investigated temperature stability by performing cyclic 
voltammetry (CV) at temperatures from 20 °C to 90 °C, as 
shown in Figure 9. The shape of CV curves continued to 

indicate good capacitor performance over this temperature 
range.  We observed a reversible increase in capacitance with 
temperature, which agrees with earlier results on polymer 
tantalum capacitors by Freeman et al. which were attributed to 
thermal expansion of the PEDOT:PSS and resulting increase 
of contact area between electrode and dielectric [15]. 

      

Figure 9: Cyclic voltammetry measurement on temperature 
dependence of  polymer electrolytic capacitor from  20 °C to 90 °C. 

3.2.3 Bode Plot Analysis 

The complex impedance was defined by the equation. 

𝑍∗ = 𝑍𝑒𝑗𝜃 ------------ (3)  

where Z is impedance and 𝜃 is phase angle. 

The impedance is further expressed as 𝑍 =
1

2𝜋𝑓𝑐 
------- (4) 

Electrochemical impedance spectroscopy method was used to 
characterize the capacitor. The Bode plot is shown in figure 
10. From the phase frequency response, the peak phase angle 
measured was -85.6 º, which is close to the ideal capacitor 
value of -90 º [16]. The characteristic frequency was 
determined to be 32.2 kHz at a at a phase angle of -45°. This 
corresponds to a relaxation time of only 30 µS (to = fo

-1). This 
is the minimum time needed to discharge energy from the 
device with an efficiency greater than 50 % [17]. The phase 
angle declined at higher frequency because of the frequency 
dependence of the capacitive reactance of the capacitor [18]. 
The measured impedance phase angle of our polymer 
electrolytic capacitor at 120 Hz (a figure of merit in AC line 
filtering) was -84 °, which is comparable to previously 
reported literature values [17][16][19]. The impedance is 
inversely proportional to frequency, as seen in equation 4. 
This is due to the reactive component (capacitive) to the 
current, which is frequency dependent. At the highest 
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frequency, the Ohmic resistance dominates the impedance, 
and the impedance value is constant [20].  

 

Figure 10: Bode plot analysis of electrolytic capacitor. 

3.2.4 Dependence of capacitance on area 

   The capacitance was measured based on geometrical area of 
2 cm2, 4 cm2, 6 cm2 and 16 cm2 respectively. As expected, the 
capacitance is proportional to the area, as shown in Figure 11. 
The measured specific capacitance was 1 µFcm-2.   

 

     Figure 11: Capacitance vs area. 

3.3 Post formation of polymer electrolytic capacitor  

    We observed that some fabricated capacitors showed 
irregular and non-symmetrical cyclic voltammograms, as 
shown in figure 12(a). The possible reasons include defects or 
cracks in the dielectric oxide layer occurring after the 
fabrication process andmechanical stress upon foil bending, 
winding etc. These defects were repaired by post formation or 
reforming after the device had been assembled, which led to 
stable electrical performance [21]. During reforming, a 
voltage was applied gradually until the chosen maximum 
anodized voltage of 35 V was reached, then this voltage was 

held constant for 5 minutes. We ensured that no heating  
occurred in the capacitor. Once the reforming process was 
completed, the capacitor was disconnected from power supply 
and discharged completely. After the oxide reforming process, 
the CV curves were symmetrical and well behaved at 80 mVs-

1 and 100 mVs-1, as shown in figure 12(b). Thus, post 
formation of aluminum oxide increases the yield in printed 
electrolytic capacitors by healing cracks in the dielectric. 
   The measured capacitance value of 14 µF yields a specific 
capacitance of about 1 µFcm-2. The nominal capacitance value 
for the original foil used is 1.37 µFcm-2, including both sides 
of the aluminum foil. There is also potential for improvement. 
By optimizing etch morphology, dielectric thickness and 
polymer penetration, it is possible to obtain higher capacitance 
values. Optimization of the etched architecture for a specific 
purpose (this work used a commercial foil optimized for 
different architectures) would allow complete penetration of 
pores by the conductive polymer, while reduction of oxide 
thickness to the minimum required for the voltage range 
application would increase the capacitance per unit area in the 
area in which the PEDOT-PSS contacts the dielectric. 
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  To measure leakage current, the voltage applied to the 
capacitor was held constant at a maximum value of 35 V for 
one hour and the small float current required to maintain that 
voltage level is recorded as leakage current of the capacitor. 
The measured leakage current was 0.2 µA.  
    In order to observe the potential and long term cyclic 
stability of the capacitor, the capacitor underwent cyclic tests 
from 1 cycles to 100 cycles at a scan rate of 50 mVs-1. We 
observed the stable cyclic voltammograms shown in figure 13 
and capacitance values were well retained up to 100 cycles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13: Cyclic measurement from 1 cycle to 100 cycles at scan 
rate 50mVs-1. 
 

3.4 Resistor capacitor (RC) low pass filter  

   A resistor capacitor filter is a simple RC circuit which passes 
low frequency signals until it reaches its cutoff frequency and 
attenuates higher frequency signals. National Instrument 
Multisim 14.1 version software was used for the simulation of 
RC low pass filter. The circuit diagram of a simple RC low 
pass filter is shown in figure 14. It is a first order low pass 
filter consisting of a single resistor in series and a capacitor in 
parallel with the load. The input sinusoidal signal Vin = 1 Vpp 
is applied to the filter circuit by a function generator and 
output signal Vout was measured across the capacitor with an 
oscilloscope. The frequency range was from 2 Hz to 13 kHz. 
Simulated and experimental results were compared. 
The equations for cutoff frequency and phase shift are given 
by: 
Cutoff frequency, 𝑓𝑐 =

1

2𝜋𝑅𝐶
 ------------------ (5)   

Phase shift ∅ = − 𝑎𝑟𝑐𝑡𝑎𝑛(2𝜋𝑅𝐶)-----------------(6) 

 where R is the resistor and C is the capacitance [22]. 
Using equation 5, the RC values used for low pass filter at a 
cut-off frequency 1.03 kHz are R=11 Ω  and C=14 µF. 
The simulated results shown in figure 15 give a gain of -3 dB  
and phase shift of  -45º at cutoff frequency. The simulated 

voltage on the output at 1.03 kHz and 10 kHz were 0.7 Vpp 
and 0.1 Vpp, respectively. (See figure 16). 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 15: Simulated (a) Gain-frequency response. (b) Phase-
frequency response of low pass filter  at 1.03kHz.  

(a) 

(b) 

Figure 14: RC low pass filter circuit. 
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After simulation, a measurement was performed on the low 
pass filter using the same parameters used for simulation. The 
input voltage to the filter was 1 Vpp and the output voltage was 
measured in the frequency range from 2 Hz to 13 kHz. The 
gain and phase of the filter at the nominal cutoff frequency of 
1.03 kHz were -3 dB and -44.8 º, respectively, as shown in 
figure 17. The mesured output signal was 0.74 Vpp at 1.03 kHz 
and attenuated beyond its cutoff frequency (see figure 17 & 
18). Experimental results are compared to the simulated 
values in table 1.  
 
Table 1: Simulated and measured results of RC low pass filter 
at 1 Vpp  
 

Parameters Simulated values Measured values  
Cutoff frequency fc 1.03 kHz 1.03 kHz 

Gain @ fc -3 dB -3 dB 

Phase@ fc -45º -44.88 º 

Voutpp @ fc 0.707 Vpp 0.74 Vpp 

Voutpp@ 10 kHz 0.10 Vpp 0.13 Vpp 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 16: Simulated sinusoidal input and output signal of low 
pass filter 1.03 kHz signal and 10 kHz signal. 

 

                                

   Figure 17: Measured (a) Gain-frequency response. (b) Phase frequency response of low pass filter at 1.03 kHz. 

 

                            

 Figure 18: Measured sinusoidal input and output signal of low pass filter (c) 1.03 kHz. (d) 10 kHz. Yellow colour is input signal and green   
colour is output signal. 

(a) (b) 

(c) 
(d) 
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3.5 Smoothing capacitor  

   AC power can be converted into DC power using rectifiers 
[23]. Among other rectifiers, full wave bridge rectifiers are 
widely used in various electronics system such as frequency 
multipliers, automatic gain control system, expander circuits 
etc. [24]. A full wave bridge rectifier consists of four diodes 
arranged in bridge form as shown in figure 19 (a). The printed 
electrolytic capacitor of 14 µF acts as a smoothing capacitor 
and was connected to the output of the rectifier to eliminate 
noise, ripples etc. Commercial Schottky diodes BAT46 were 
used for rectification. A function generator was used to 
provide an input voltage of 4 Vpp at 1 kHz frequency and the 
rectified output voltage was measured with an oscilloscope 
with and without smoothing capacitor, as shown in figure 19 
(b & c). 

The efficiency of the full wave bridge rectifier is,  

𝜂 =
𝑑𝑐 𝑜𝑢𝑡𝑝𝑢𝑡 𝑝𝑜𝑤𝑒𝑟

𝑎𝑐 𝑖𝑛𝑝𝑢𝑡 𝑝𝑜𝑤𝑒𝑟
 = 

𝑉𝑑𝑐
2 /𝑅

𝑉𝑟𝑚𝑠
2 /𝑅

 ------------------ (7)           

and  

Vdc  =
2𝑉𝑚

𝜋
   and Vrms= 

𝑉𝑚

√2
 ------------------(8) 

where Vdc is a DC voltage, Vrms is root mean square voltage, 
R is the load resistance and Vm is the respective maximum 
output voltage 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

   The values for the rectifier reported here were found to be 
Vm = 1.8 V, Vdc = 1.14 V and Vrms = 1.26 V. The measured 
efficiency, 𝜂, was 80.5 % and in practice the maximum 
efficiency of a full wave bridge rectifier is 81.06 %, [25] which 
was close to the observed value. The measured ripple voltage 
V peak-peak was about 0.033 V. Thus, the printed polymer 
electrolytic capacitor is suitable for filtering and minimizing 
output ripple at relatively low frequencies.  

3.6 Piezo harvester and energy storage unit 

   Energy harvesting allows capturing energy from 
surroundings in form of heat, movement, pressure etc.[26] 
Energy conversion of mechanical to electrical energy by piezo 
electric transducer materials has become popular in last few 
years. Such harvested energy can be used for low powered 
systems such as calculators, watches, wireless transducers 
etc.[27] An energy harvester comprising a transducer, rectifier 
and storage capacitor was assembled; the block diagram is 
shown in figure 20. 

 

   

 

 

 

 

 

 

 

 

 

Rectifier Transducer Capacitor Load 

Variable frequency 
drive (VFD) 

Figure 20. Block diagram of energy harvesting system.  

(a) 

                             

Figure 19. (a) Bridge rectifier. Input and output waveform of full wave bridge rectifier (b) without smoothing capacitor. (c) with 
smoothing capacitor. 1-input signal; 2-output signal. 

(b) (c) 
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 As energy harvesting transducer, a PyzoFlex® sensor was 
used (Joanneum Research Forschungsgesellschaft mbH, 
Austria), which is a poly(vinylidene fluoride 
trifluoroethylene) (P(VDF-TrFE))-based piezoelectric 
transducer fully screen-printed on a film substrate [28] [29]. 
The transducer had an active area of 14 cm2 and the 14 µF 
capacitor was used for charge storage. The motor used for 
excitation of the transducer was controlled by a VFD (variable 
frequency drive) in frequency range 2 Hz to 20 Hz. One side 
of the transducer was fixed, and other side oscillated when a 
mechanical load attached to the motor shaft struck on the 
transducer. Figure 21 shows the transducer connected the 
rectifier and capacitor. Figure 22 shows the time plots of the 
AC voltage from the transducer and the rectified voltage. 

   The rectified voltage and charge generated are proportional 
to the excitation frequency. Once the capacitor is charged to 
peak voltage, corresponding to the output voltage of the 
transducer, then the voltage at the capacitor remains constant. 
Because of the small amount of energy from single piezo 
transducer, it takes about 1 minute to completely charge the 
capacitor 

 

 

 

   

 

The equation for energy harvested is E = 1
2

𝐶𝑉2 -------------(9)   

where C is the capacitance and V is the rectified voltage [30].              
The rectified voltage at 20 Hz was 11 V to 12 V and thus the 
amount of energy stored in the 14 µF capacitor was about 1 
mJ. The short drop in rectified voltage at 55 seconds was due 
to temporary loss of contact between the load and transducer. 
As a result, the capacitor partially discharged, and the voltage 
declined. After the contact was re-established, the output of 
the transducer was high enough to charge the capacitor 
efficiently. This energy is enough to operate low power 
portable devices [9]. Since the energy is proportional to the 
square of the voltage, considerably more energy can be 
generated by increasing the output voltage of transducer by 
applying higher frequency. 

 

 

Capacitor  Rectifier Transducer 

Figure 21. (a) Piezo transducer. (b) Close view of rectifier 
connection. (c) Piezo transducer bending motion setup with 
energy storage unit. 

(c) 

Figure 22. (a) Output response of transducer at 10 Hz. (b)  
Rectified voltage of transducer from 2 Hz to 20 Hz. 

(a) 

(b) 

(a) 

(b) 
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4. Conclusion  

   We have printed flexible polymer-based electrolytic 
capacitors with a specific capacitance of about 1 µFcm-2. Post 
formation of aluminum oxide helps to maintain stable 
electrical values in polymer electrolytic capacitors by 
regenerating the oxide layer which might be damaged during 
fabrication. Our modeling and fabrication experiments show 
that the polymer electrolytic capacitor has potential in RC low 
pass filtering. Thus, printed polymer electrolytic capacitors 
can take over conventional capacitors in electronic circuits and 
deliver capacitance values that are not achievable with printed 
dielectric capacitors. With a piezo harvester setup, the 
capacitor was able to store energy in the mJ scale. Thus, the 
polymer electrolytic capacitor can act as a next generation 
energy storage system in low power portable devices. 
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Abstract— 
We report the study of piezoelectric transducer based on the 
copolymer P(VDF:TrFE) for energy harvesting based on 
deformation of the film. The bending characteristics, sensitivity, 
charge generation and frequency response at typical machine 
component frequencies of printed piezoelectric transducer was 
studied. Interestingly piezoelectric transducer shows response 
towards a different level of frequency and the bending forces. As 
expected, increased frequency and deformation yield increased 
energy harvesting. A harvester system in piezo flex foil with 
integrated rectifier and printed supercapacitor was 
demonstrated, which harvests sufficient energy for low power 
measurements or radio transmission.  
 

I.  INTRODUCTION 

Energy harvesting is a method for obtaining or capturing the 
possible amounts of energy from our surroundings available in 
the form of heat, motion, mechanic, solar, pressure gradients 
etc. A large amount of energy in a macro scale can be obtained 
from solar, wind, kinetic for domestic as well as industrial 
purposes. Energy harvesting is also a useful and important 
means of making low power distributed transducers 
energetically autonomous and environmentally sustainable. [1]  
Harb mentioned there are a number of approaches to energy 
harvesting. One way is energy conversion of mechanical to 
electrical energy using piezoelectric transducer materials. Such 
harvested energy can be used for low powered systems such as 
wireless transducers, biomedical implants, military monitoring 
services, structure-embedded instrumentation, remote weather 
station, calculators, watches, Bluetooth headsets etc. [2]  

 
A recent trend in electronics has been a decrease of the size and 
power consumption of devices and components. This has 
enabled the creation of new applications with low power 
requirements. Furthermore, environmental issues and imposed 
regulations are associated with portable energy sources. The 
use of conventional batteries is not an optimal solution because 
of the limited cycle life and the requirement for recycling due 
to problematic materials. Due to advances in low power 
electronics, harvesting ambient energy and storage in 

supercapcitors is becoming a viable and more sustainable 
alternative approach, including piezoelectric harvesting. [3]  

 
Future mobile electronics technologies will focus on light 
weight, flexible, bendable and stretchable devices as well as 
large area interactive and learning environments. For such 
products, flexible piezoelectric materials can play important 
role both for sensing and energy harvesting. [4] Polyvinylidene 
fluoride (PVDF) is the most frequently used piezoelectric 
polymer. It has four phases out of which only the β-phase 
exhibits spontaneous polarization. It is semi-crystalline (about 
50-60% crystallinity) with a repeating unit of (CH2-CF2). The 
size of the crystallites and chain packing is influenced by 
annealing. [5] Its piezoelectric properties arise from the strong 
molecular dipoles within the polymer chain with piezoelectric 
coefficients (d) in the range of 10-40 pC/N. [6] Introducing ca. 
20-50% of trifluoroethylene (TrFE), in which one hydrogen is 
replaced by the slightly larger fluorine, forms a stable 
copolymer. [7] Energy harvesting from PVDF and its 
copolymer P(VDF:TrFE)  has been reported previously. 
Bhavanasi et al. used bilayer films of P(VDF:TrFE) that 
generate 4.41µWcm-2

.
  [8]  Dey et al. showed that electrical 

response of PVDF:TrFE nanofibers increased with excitation 
frequency. [9] Lee et al. reported micro patterned 
P(VDF:TrFE) based nano generators releasing 15µW power. 
Kymissis et al. used 16 sheets of PVDF connected in parallel 
in a sandwich structure in a shoe sole and was able to produce 
1mJ/step. [10] Wang et al. used a synchronized switch 
harvesting on inductor (SSHI) rectifier for a PVDF stack 
configuration and harvested 11-13mW power. [11] Zirkl et al 
demonstrated an all printed matrix transducer array fabricated 
by screen printing an ink solution of piezoelectric copolymer 
P(VDF:TrFE). [12] Ink jet deposition of patterned metal layers 
on PVDF film to realize a scalable, bendable and low costing 
sensing system for large area artificial skin was reported by 
Seminara et al. [13]. Because of flexibility, piezoelectric 
polymers it can be integrated into devices for human body 
health monitoring, smart clothing such as shoes, and other 
motion harvesters applications. [14] 
 



 
Rajala et al. measured the sensitivity of a PVDF transducer and 
observed a piezoelectric coefficient of 25.1 to 26.8 pC/N, using 
a shaker system. [15] In this work we report the use of a similar 
setup for determination of the piezoelectric sensitivity, and a 
motor-driven bending apparatus to measure harvesting of 
energy from bending deformation. In addition, a 3D bending 
model is used to analyze the results. 
 

II. EXPERIMENT AND RESULTS 
  
 A: Piezo transducer design and electrical polarization 
 
 A transducer consists of four layers. Polyethylene 
terephthalate (PET, Melinex ST506 from DuPont) of 175 µm 
thickness was used as a substrate, printed conductive polymer    
PEDOT:PSS((poly(3,4ethylenedioxythiophene):poly(styrenes
ulfonic acid)) (Clevios SV 3 from Heraeus) act as bottom and 
top electrodes, and fluoropolymer P(VDF:TrFE), 
poly(vinylidenefluoride trifluoroethylene)  (80:20) (see Ref. 12 
for details) as a transducer material is sandwiched between the 
electrodes. Screen printing was used to deposit the transducer 
material and electrodes. The thickness of the transducer 
material was ~6µm for single layer and ~12 µm for double 
layer. The samples were annealed at 100 ºC for 10 minutes to 
evaporate solvents.  Additionally, silver wiring was printed to 
electrically connect the transducer to the harvester circuitry, but 
is not part of the layer stack. Figure 1 shows the transducer 
schematic diagram. 

    
Figure 1: Structure of Piezo transducer 

 
In contrast to PVDF films, the copolymer P(VDF:TrFE) 
crystallizes into the ferroelectric β-phase without the need of 
stretching or applying of very high electric fields. In 
P(VDF:TrFE), the crystallites have an electric dipole moment 
and are embedded in an amorphous matrix. After solution-
processing of P(VDF: TrFE), however, the crystalline dipoles 
are randomly oriented and need to be aligned in order to have 
a nonzero overall polarization and thus show piezoelectricity. 
This alignment of crystalline dipoles is usually performed by 
applying an electric field via attached electrodes, forcing the 
crystalline dipoles to be reoriented towards the external field. 
This process is commonly referred to as poling. [7] The poling 
current I and voltage V are monitored and the polarization in 
the ferroelectric layer can be derived using the relation 
 
𝑃 =

1

𝐴
∙ ∫ 𝐼 𝑑𝑡,     (1) 

 
where, A is the area spanned by the electrodes. A triangular 
shaped alternating signal of frequency 1Hz was used for poling 
over several cycles until a saturation in the remanent 
polarization or charge, respectively, was observed (Figure 2). 
Plotting the polarization P over the voltage V gives the typical 
hysteresis loop of ferroelectrics (Figure 3). A PUND poling 

method was applied to separate the remanent polarization Pr 
due to crystalline dipole reorientation (dotted line) from the 
total displacement (solid line in Figure 3). To reach a high 
remanent polarization and thus piezoelectric coefficient (d33), 
the poling voltage amplitude was chosen such as to apply about 
two times the coercive field strength Er [16] 
 

      

 
                                         

 
 
  
Figure 2: Poling of the ferroelectric P(VDF:TrFE). Poling charge as calculated 
from the monitored current and poling voltage (top); The remanent charge 
increases with every poling cycle and saturates, (bottom) 
 

(b) 

(a) 
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Figure 3: Typical hysteresis loop of the studied Piezoelectric transducer 
showing the remanent polarization Pr and coercive field strength Er. 
 
 
The coercive electric field strength measured was 47MV/m and 
the remanent polarization amounts to approximately 58mC/m2. 
[12] 
 
 B: Sensitivity measurement bending and unbending setup 
 
 A type 4810 Brüel & Kjær mini-shaker was used for material 
characterization. The shaker has a piston of area of 1.56 
mm2and can generate a dynamic excitation force up to 10N and 
frequencies up to 18 KHz. A sinusoidal input for the shaker was 
provided with a Tektronix AFG3101 function generator. Two 
types of forces were used simultaneously for sensitivity 
measurements. First one is static force with sensitivity of 2.646 
mV/N, was used to prevent the transducer from jumping off the 
stage during application of dynamic sinusoidal force. The next 
is dynamic force with sensitivity of 530.2mV/N at varying 
amplitudes up to 10N for sensitivity measurements. The 
measurement set up was previously reported by Rajala et al. 
[15]Tuukkanen et al. [17] and Kärki et al. [18]  
 
 
 
 
 
 
 

 

     
                             

Figure 4: A schematic drawing of measurement set up (a); piezo 
transducer with excitations point marked (S1 and S2) (b) 

 
Two piezo transducers, designated here as S1 and S2, were 
selected for measurements and compared. (REF. Table 1). In 
the first set of measurements in normal mode, the transducer 
was placed in the metal plate. In the second set of 
measurements (bending mode), greater sample deformation 
was allowed, as shown in Figure 5. A sinusoidal signal of 1V 
peak to peak at 2 Hz frequency was applied as input to the 
shaker, which resulted in a force of approximately 1.4 N. The 
transducer was excited at 10 different positions. The same 
positions were excited from both sides of the transducer, 
resulting in total of 20 excitations per transducer in order to 
average out effects resulting from film roughness, increases the 
statistics and thus, decreases the effect of layer variations in the 
sensing layer thickness. The charge generated was measured by 
a charge amplifier. The sinusoidal were fit to the charge output 
curve and the dynamic force curve, and the sensitivity was 
obtained by dividing charge amplitude by force amplitude. [15]  

 

 
                        (a)                                              (b) 

Figure 5: Bending 3d setup (a); piezo transducer excited by mini-shaker (b) 
 

Dynamic sensitivity is the charge generated based on the force 
applied in pC/N and was measured using both the normal and 
bending mode. The dynamic sensitivity is given by 

(b) 

(a)  



 
Dynamic sensitivity=

𝑄

𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑓𝑜𝑟𝑐𝑒
                (2)    [15] 

 
 TABLE 1: Dynamic sensitivity measurement results, reported as mean 

value ± standard deviation  
 

Sample 
measured  

Dynamic sensitivity (pC/N) 

Normal mode Bend mode 

S1(8cm2) 24.41±3.2 286±52 

S2(7.85cm2) 23.46±2.68 268±23.84 

 
 

 
 
Figure 6: Sensitivity results with normal mode and bending mode 
 

The charge generated by deformation of the material depends 
on the amount of force applied. Figure 7 shows generated 
charge as a function of applied force. Less force was required 
to generate a higher amount of charge using the bending stage, 
as it is primarily deformation that leads to charge generation. 
When using the bending stage 240pC charge was generated by 
applying 0.866 N force, compared to 27.5 pC charge from 1.4 
N force using the rigid table. Rajala et al. [15] observed similar 
behavior. 

 

 
                                                 

                                              (a) 
          

 
             (b)                                      

Figure 7: Charge generated based on force, normal mode (a);Graph plot of 
piezo transducer S1 and S2 (b) 
 
 
C: Energy harvesting by angular bending 
 

A measurement setup for energy harvesting by bending/    
unbending is shown in figure 8. It consists of a servo motor that 
rotates from 0 to 180 º and back with pulse width modulation, 
powered and controlled by an Arduino Uno microcontroller 
platform. A piezo transducer of 8 cm2 size was attached to the 
cylindrical shaft of the servo motor and this was flexed and 
unflexed as the motor rotated. The transducer output voltage 
response was 8 V peak to peak. (See figure 9(a)) The output 
response of the piezo transducer was measured with a 10 Mega 
ohm NI USB-4065 multimeter from National Instruments. 
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     Figure 8: Setup for controlling Servomotor for angular bending 
 

 

  
 

(a)                                             (b) 
 

      Figure 9: Piezo transducer output Voltage Ac (a); DC (b)  
 

A half wave rectifier circuit was integrated to the transducer to 
convert AC into DC. The DC obtained without smoothing 
capacitor is shown in Figure 9b. Figure 10 shows the charging 
characteristics of a smoothing/storage capacitor integrated to 
the system. The rectified voltage across a load of 10 M Ohm is 
1.05V.  
 

 
 

Figure 10: Rectified voltage with capacitor 
 
The harvested energy is given by 

 𝐸 =
1

2
𝑐𝑣2                         (3)  

where E is energy in Joule, C is capacitance in Farads and V is 
the voltage across the capacitor. This yields a harvested energy 
of 300 µJ. 

 
D: Frequency dependency of piezo transducer 
 

An energy harvester comprising a piezo transducer, rectifier 
circuit and storage capacitor was assembled; the block diagram 
is shown in Figure 11. Figure 12 shows photographs of a 
harvester circuit including a voltage doubler rectifier. 
    

  
 

Figure 11: Variable frequency generator and energy harvesting 
system 
 

 

   
 

                  Figure 12: Piezo transducer A and B + Energy harvester 
 

Two samples were investigated using the same excitation 
methods. The first transducer has an area of 14 cm2 (7cm *2cm) 
while the second has area transducer has an area of 1cm2 

(1cm*1cm); both were connected to a voltage doubler rectifier. 
The motor was controlled by a VFD (variable frequency drive) 
in order to rotate at different speeds. One side of the piezo 
transducer was fixed while the other side can oscillate freely. 
A small mechanical load was attached to the shaft of the motor. 
As the motor rotates, the load hits the piezo transducer and 
bends it up and down, generating an AC voltage. Transducer 1 
has AC output response of 6 V peak to peak (See figure 13) 
whereas transducer 2 generates 3 V peak to peak AC at 10 Hz 
frequency. A National Instruments 10 mega Ohm USB 4065 
multimeter was used to measure the DC output. 
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                  Figure 13: Response of Piezo Transducer A 
 

As the output current of the transducer is low, it takes time to 
charge a capacitor greater than 100µF.This can be observed 
with a 470µF capacitor (angular bending test), which yielded 
an output voltage of 1.04 DC. Printed supercapacitors typically 
have an area specific capacitance of ca 100 mF/cm2, with 
leakage current more or less proportional to capacitance. [19] 
Due to the small amount of energy from a single transducer in 
this work, the leakage current for a supercapcitor in the range 
of hundreds of mF would be comparable to the about of current 
generated. Therefore in these experiments we selected a 
commercial electrolytic capacitor of 22 µF and a printed 33 µF 
supercapacitor. This supercapacitor was fabricated using PET 
(polyethylene terephthalate) as substrate and graphite ink of 
about 40 µm thickness deposited manually by pressing ink 
using thin metal plate, both as current collector and electrode. 
One Molar aqueous sodium chloride (NaCl) was used as an 
electrolyte and Dreamweaver cellulose paper as a separator.  
 

The capacitor charging curves are shown below for 
transducers 1 and 2 for excitation 10 Hz to 50 Hz, showing that 
the rectified voltage and speed of charging are proportional to 
the excitation frequency. This implies that the fundamental 
frequency response of the transducers is more or less flat over 
this frequency range. 
 

 
  
                                             (a) 

 
                                             (b) 

 
Figure 14: Rectified DC voltage of transducer A (a); transducer B (b) 
from   10 Hz to 50 Hz 
 

 The maximum voltage a single supercapacitor with aqueous 
electrolyte can withstand is about 1.2 V. In order to store the 
higher voltage generated by the transducer, 5 supercapacitors 
were connected in series, with total capacitance of 3µF as 
shown in Figure 15, and could  be charged up to 7 V. Figure 15 
also shows the charging curve for the series connected 
supercapacitor module at different frequencies.  
 

          
                                                 (a) 
  

 
                                                 (b) 

Figure 15: Five series connected supercapacitors (a); rectified voltages 
(b) from the harvester upon excitation in the test unit described in this 
work. 
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   The rectified DC voltage increases in both transducers with 
the excitation frequency. The measurement was done with 
different piezo transducers and capacitor values. Transducer B 
has very low output compared to transducer 1, about 8 times 
less at 50 Hz due to its small area.  
 
Table 2 summarizes the harvesting results. While it was not 
possible with a single transducer to charge a single 33 µF 
supercapacitor fully, due to the competition between charging 
and leakage current, both the electrolytic capacitor and the 
module were charged in less than a minute.     
 
 

                      TABLE 2:  Energy harvested from 10 Hz to 50 Hz  

 
 

 

 
 

Figure 16: Energy harvested as a function of excitation frequency  
 
 This is sufficient energy to operate low power circuitry. We 
constructed a low power LED drive circuit using a CMOS 555 
timer operated at 2V. The voltage stored in the capacitor was 
supplied to the LED driver circuit as shown in figure 17. The 
transistor acts as a switch and remains ON when the output 
pulse of the 555 timer drives the base of a transistor, and current 
flows to the LED. [20] 
 

            
                                           (a) 

                       
                                        (b) 
 

      
                  (c) 

          
Figure 17: Schematic diagram of the LED driver circuit as published in [17] 
(a), photograph of the bending setup with LED driver circuit (b), and close-
up of the LED driver circuit (c)  
 

The operation voltage of the LED driver circuit was 1.85V and, 
current required to turn on LED was 6mA. Thus, the peak 
power generated by the circuit for short durations was 
measured i.e. P=1.85*6=11.1mW. It can be observed from 
Table 3 that the power generated can be used to operate a 
number of common low power portable devices. 
 
 
TABLE 3: Power consumption of the portable devices [21] [3] [22] [23] [24] 
 

Device Power consumption (mW) 

MP3 player 50-97 
Wearable EEG 0.8 
Cardiac pacemaker 0.05 
Hearing aid 1 
Respiratory rate meter 0,83 
Heart rate meter 0,83 
Blue tooth (sleep mode) 0.008 
Wifi (sleep mode) 0.01 
Carbon 
monoxide 
detector 

Active 1.7 

Stand by 0,0018 

Pagers 30 
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15 3.19 5.07 0.11 0,0388 0.54 0.004811 
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III. CONCLUSIONS 

 
We have tested printed piezoelectric transducers based on 
P(VDF:TrFE) for their potential as energy harvesters in low 
power electronic devices. The piezoelectric sensitivity was a 
strong function of the freedom of the transducer to be 
deformed, with average sensitivity value (pC/N) in bending 11 
to 12 times higher than when applying force when the sample 
was mounted on a rigid holder.  The response varied from 20 - 
31pC/N in a rigid architecture to 225.2-390 pC/N when 
bending was allowed. We have furthermore tested the energy 
harvesting potential of these transducers in a dedicated bending 
unit. In addition to determining the AC voltage generated by 
bending, an energy harvesting circuit on foil comprising 
transducer, voltage doubler rectifier and printed supercapacitor 
or electrolytic capacitor, respectively. The system was able to 
generate and store up to 1.2 mJ and deliver power of at least 
11.1 mW, sufficient to drive an LED. This is sufficient power 
to drive a number of low power portable devices and confirms 
the potential of printed P(VDF:TrFE) as a potential means of 
harvesting energy from motion for distributed electronic 
devices. 
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