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ABSTRACT 

An increasing demand for flexible, lightweight and low cost energy storage 

devices with high energy and power densities in different applications has 

motivated extensive research and development of different types of batteries and 

supercapacitors. A novel thin film energy storage device based on the ionic 

polymer metal composite configuration is presented, fabricated and tested in 

order to evaluate and compare it with current requirements for the energy 

storage needs. 

Different configurations of Ionic polymer-metal composite were fabricated 

and tested; the one showing the best charge-discharge performance was 

selected and more extensive tests and characterizations were carried out. The 

results have shown excellent performance for the chosen Sodium cation based 

configuration of energy storage. 

Finally, self powered systems based on the integration of polymer solar 

cells and the proposed energy storage device were tested, showing their 

appropriate integration. Several different applications of self powered systems 

are also presented.   

 
Keywords:  ionomers, flexible thin polymer, energy storage, Ionic polymer metal-
composite, battery, hybrid supercapacitors, self-powered systems, polymer solar 
cells.   
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1: INTRODUCTION 

1.1 Motivations 

The increasing demand for flexible, light-weight and low cost energy 

storage devices with high energy and power density levels in portable self-

powered systems, portable electronics and automotive applications has 

motivated an extensive research and development of different types of batteries 

and supercapacitors [1]. Energy density is the amount of energy that can be 

supplied from a storage technology per unit weight (measured in Watt-hours per 

kg, Wh/kg), and power density which is the amount of power that can be supplied 

by from a storage technology per unit weight (measured in Watt per kg, W/kg). 

The existing commercially available energy storage technologies still have 

problems that need to be overcome such as: rigidity, aqueous electrolyte 

leakage, risk of burst or fire if overcharged or overheated, restricted charge 

cycling and special requirements for final disposal. 

Current research is focusing in creating new designs and materials in 

order to increase the power and energy output of storage systems by using 

polymer materials, which are flexible, light weight, low cost and environmentally 

friendly  and are seen as the ideal candidate for future energy storage devices 

[2][3]. 
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The motivations for this work are to create a novel device for energy 

storage with relative high energy and power densities and long lifetime which can 

be safe for both the user and the environment, as well as to be economically 

accessible to a wide variety of users.  

1.2 Thesis Objectives 

The main purpose of this research project is to present a novel Polymer 

Energy Storage (PES) according to the following specific objectives: 

1. Present a flexible thin polymer-based energy storage device 

capable of exceeding power density of 600 W/kg and energy 

density of 15 Wh/kg. 

2. Propose and implement a simple and low cost fabrication 

methodology for the novel PES. 

3. Characterize and measure the electrical performance of the PES. 

4. Demonstrate the feasibility of this technology for use in self-

powered systems. 

1.3 Thesis Organization and Layout 

The present thesis document is organized as follows: Chapter 1 presents 

an introduction to the object of study consisting of motivations, general objectives 

and structure of this manuscript. Chapter 2 consists of a brief explanation of the 

historical development of the Ionomers, followed by a description of the state of 

the art of the technologies involved in the design and fabrication of the novel 
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PES. Chapter 3 describes the configuration of the novel PES based on the IPMC 

structure, the principle of operation and the materials employed for its fabrication. 

In Chapter 4, the detailed fabrication method involving PES is described. Chapter 

5 presents the results of the electrical characterizations and tests of the novel 

PES using three methods commonly used to evaluate the capability and 

performance of similar type of energy storage technology. In Chapter 6, a 

specific application of the PES device combined with organic solar cells (OSC) is 

evaluated as a way to develop self-powered systems. Chapter 7 presents the 

conclusions and achievements of the proposed objectives, as well as the future 

work on this novel technology. 
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2: STATE OF ART OF CURRENT ENERGY STORAGE 
TECHNOLOGIES  

2.1 Background 

Ionic Polymers are part of the branch of smart materials known as electro 

active polymers (EAP). The ionic EAP category consists of ionomer polymer-

metal composites (IPMCs), ionic polymer gels (IPGs), conductive polymers (CPs) 

and carbon nanotubes structures (CNTs). IPMC is composed of a base polymer 

membrane with metal layers deposited on both of its surfaces to act as 

electrodes. The polymer membrane is an ionomer that allows the mobility of ions 

when an electric field is applied [3].  

Ionomers were first introduced by DuPont in early 1970’s under the 

trademark NafionTM as primary material for fuel cells, called either a proton 

exchange membrane or a polymer electrolyte membrane (PEM).  In early 1990’s, 

different research groups demonstrated the transduction capabilities of ionomers 

in the IPMC configuration as sensors and actuators [5]. Until now, continuous 

development and use of ionomers in fuel cells, sensors and actuators is a very 

active research area for many scientists. 

In the last 10 years, researchers started to investigate Ionomers as non-

aqueous electrolyte and as part of composite electrodes for supercapacitors as 

well as composite electrode binders to improve ionic conductivity in Lithium ion 

(Li-ion)  batteries [6][7]. 
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2.2 Energy storage technologies 

Electricity can be stored essentially in two different ways, Faradaically 

(indirectly) or non-Faradaically (directly). Indirectly, in batteries as potentially 

available chemical energy requiring a Faradic process of oxidation and reduction 

of the electrochemically active elements to release charges that perform 

electrical work when they flow between two electrodes having different potentials. 

Directly, in an electrostatic way as negative and positive electric charges on the 

plates of a capacitor separated by a dielectric material, a process known as non-

Faradic electrical energy storage [8]. 

The most popular and commercially available energy storage devices are 

Lithium-ion (Li-ion) batteries and electric double-layer capacitors (EDLC), each 

one has specific applications in which high energy density or power density 

respectively are required.  Also combinations of both are often proposed as 

solution for energy demands, especially for hybrid electric vehicles (HEVs) [9]. 

The principal applications for energy storage technologies are electric vehicles, 

remote location applications (off-grid), handhold electronics and communication 

devices and wireless sensor networks. 

 The Ragone plot is a very useful graphic tool that allows understanding 

where a developing energy storage technology is located in terms of its energy 

density and power density when compared to other technologies. Figure 2 shows 

the location of Li-ion batteries, EDCLs and other traditional energy storage 

technologies [10]. 
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Figure 1: Ragone plot for energy storage technologies [10]. 

 

2.2.1 Supercapacitors 

Supercapacitors, also known as ultracapacitors or electrochemical 

capacitors, are energy storage devices with behaviour somewhere between a 

battery and a traditional capacitor but exhibit 20–200 times greater capacitance 

than conventional capacitors. They are able to achieve greater energy densities 

while still maintaining the characteristic high power density of conventional 

capacitors [11]. Supercapacitors can be classified in three general classes: 

EDLCs, pseudocapacitors, and hybrid capacitors. Each class is defined by its 

unique storing charge mechanism and are subdivided in different categories 

depending on the composition of the electrode materials, see Figure 2. 
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Figure 2: Structure diagram of supercapacitor configurations due to different electrode 
materials. 

 

2.2.1.1 Electrochemical Double-Layer Capacitors 

EDLCs like conventional capacitors, charge electrostatically or non-

faradaically in an electrochemical double-layer, and there is no transfer of charge 

between electrode and electrolyte. EDLC works on the principle of double-layer 

capacitance at the electrode/electrolyte interface. As voltage is applied, electric 

charges accumulate on the internal electrode surfaces and ions of opposite 

charge arrange on the electrolyte side. When discharged through a load, these 

ions return to their original positions and electric work is created by the flow of 

charges as illustrated in Figure 3. EDCLs operate at voltages ranging from 2.5 V 

to 3.0 V, have energy densities between 0.5 - 30 Wh/kg, and power densities 

between 100 - 1500 W/kg [11]. 
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Figure 3: Schematic of an EDLC in: a) charged and, b) discharged state. 

 

Since there is no transfer of charge between the electrolyte and the 

electrodes, and there are not chemical or composition changes associated with 

Faradaic processes, charge storage in EDLCs is highly reversible, which allows 

them to achieve high cycling stabilities. EDLCs usually operate with stable 

performance for many charge-discharge cycles, sometimes as many as 106 

cycles. In comparison, electrochemical batteries are generally limited to only 

about 103
 cycles [12]. 

Typically, EDLCs utilize either an aqueous or an organic electrolyte. 

Aqueous electrolytes, such as H2SO4 and KOH, are used due to their lower 

electric series resistance (ESR) and smaller minimum pore size requirements 

compared to organic electrolytes, such as acetonitrile. Although the type of the 

electrolyte is of great importance in EDLCs design, the type of carbon used in the 
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electrode material distinguishes its subclasses. Carbon electrode materials 

generally have higher surface area, lower cost, and possess more developed 

fabrication techniques than other materials, such as conducting polymers or 

metal oxides. Common carbon materials used in EDLC electrodes are activated 

carbons, carbon aerogels, and carbon nanotubes [12]. 

One major problem with aqueous electrolytes is the leakage from the 

device that causes its failure and may become harmful for the environment or 

humans. This has motivated the research for solid polymer electrolytes that allow 

the flow of ions such as ionomers. NafionTM is the most extensively studied 

material as polymer electrolyte in supercapacitors [13] [14] [15]. 

2.2.1.2 Pseudocapacitors 

Unlike EDLCs, pseudocapacitors storage charge faradaically, which 

means that the charge is transferred between the electrode and electrolyte 

through adsorption, reduction-oxidation reactions and intercalation of ions. 

These Faradaic processes allow pseudocapacitors to achieve higher 

capacitances and energy densities than EDLCs. Two electrode materials are 

used to store charge in pseudocapacitors, either conducting polymers or metal 

oxides. Conducting polymers include polyanilines and poly(thiophene)s. The 

mechanical stress on which conducting polymers are subjected during reduction-

oxidation reactions limits the stability of these pseudocapacitors through many 

charge-discharge cycles. This reduced cycling stability has restricted the 

development of conducting polymer pseudocapacitors [12].  
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The majority of the research on metal oxide materials has been focused 

on hydrous Ruthenium oxide (RuO2) due to its lower ESR compared to other 

electrode materials. RuO2 pseudocapacitors may be able to achieve higher 

energy and power densities than similar EDLCs and conducting polymer 

pseudocapacitors. Regardless of its potential, the success of Ruthenium oxide 

has been limited by its prohibitive cost [12]. 

2.2.1.3 Hybrid Capacitors 

Hybrid capacitors exploit the advantages and mitigate the disadvantages 

of EDLCs and pseudocapacitors to achieve better performance characteristics by 

using both Faradaic and non-Faradaic processes to store charge, achieving 

greater energy and power densities.  

Composite hybrids integrate carbon-based electrode materials with either 

conductive polymers or metal oxides and incorporate both physical and chemical 

charge storage mechanisms together in a single electrode; Manganese Oxide 

(MnO2) is one of the most studied materials as a low-cost alternative to RuO2. 

The association of a negative EDLC-type electrode with a positive MnO2 

electrode leads to a 2 V cell in aqueous electrolytes. The low-cost carbon–MnO2 

hybrid system combines high capacitance in neutral aqueous electrolytes with 

high cell voltages, making it a green alternative to EDLCs using acetonitrile 

based solvents and fluorinated salts [16]. 

Asymmetric hybrids combine Faradaic and non-Faradaic processes by 

coupling an EDLC electrode with a pseudocapacitor electrode.  
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Battery like hybrids combine a battery like electrode (energy source) with a 

supercapacitor electrode (power source) in a single cell. At present, a lithium pre-

doped electrode and carbon electrode configuration know as Li-ion capacitor, 

see Figure 4, is a successful example of this technology. 

 

Figure 4: Structure of a Li-ion Capacitor. 

 

Li-ion capacitors achieve energy densities of 15 Wh/kg, operate between 

2.2 V and 3.8 V, and also can reach more than106 charging cycles and have low 

current leakage. This energy storage device presents a higher energy density 

compared to a conventional EDLC and a higher power density compared to a Li-

ion battery [16] [17]. 

2.2.2 Li-ion Batteries 

First proposed by M. S. Whittingham at Binghamton University in 1970s, 

and only commercialized in 1991 by Sony Corporation, this secondary battery 

http://en.wikipedia.org/wiki/M_Stanley_Whittingham
http://en.wikipedia.org/wiki/Binghamton_University
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has become one of the most popular energy storage devices for portable 

electronics, mobile phones and handhold devices in the world. 

 

Figure 5: Typical configuration of a Li-ion battery [18]. 

 

Li-ion batteries are light, compact and work with a voltage around 4 V with 

energy densities ranging between 100 Wh/kg and 150 Wh/kg. In the most 

conventional structure, a Li-ion battery contains a graphite anode and a cathode 

conformed by a lithium metal oxide (e.g. LiMO2, LiCoO2) and an electrolyte 

consisting of a solution of a lithium salt (e.g. LiPF6) in a mixed organic solvent 

(e.g. ethylene carbonate–dimethyl carbonate, EC–DMC) imbedded in a separator 

felt. The well-known intercalation process involves the reversible extraction and 

insertion of lithium ions between the two electrodes with a concomitant removal 

and addition of electrons as shown in Figure 5 [18].  
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Along with the problem of limited charging cycles around 103, Li-ion 

batteries can easily rupture, ignite, or explode when exposed to high 

temperatures, direct sunlight, short-circuiting or overcharging [19]. 

2.2.2.1 Lithium-ion Polymer Battery 

The second generation of Li-ion batteries consists of a solid electrolyte polymer 

such as polyethylene oxide or polyacrylonitrile, and gelled conductive materials 

are added to promote conductivity.  Some advantages of Li-ion polymer over the 

Li-ion design include potentially lower cost of manufacture, adaptability to a wide 

variety of packaging shapes, and ruggedness.  Nevertheless, this second 

generation of Li-ion batteries suffer the same issues as the first generation [20]. 

2.2.3 Na-ion Batteries 

Sodium-ion (Na-ion) batteries are secondary batteries that use sodium-

ions to store power. This type of battery is still under research and development 

phase but is forecasted to be a cheaper, more durable way to store energy than 

commonly used Li-ion batteries, and environmentally friendly. Unlike sodium-

sulphur batteries, Na-ion batteries can be made portable and are able to work in 

ambient temperature.  Researchers have reported that Na+ blends with 

carbonaceous materials or metal oxides as electrodes in polymer electrolytes 

have given capacities around 100-450 mAh/g and operating voltages around 1.5 

V and 2.0 V [21] [22]. 

 

http://en.wikipedia.org/wiki/Battery_(electricity)
http://en.wikipedia.org/wiki/Sodium
http://en.wikipedia.org/wiki/Energy
http://en.wikipedia.org/wiki/Lithium-ion_batteries
http://en.wikipedia.org/wiki/Sodium-sulfur_battery
http://en.wikipedia.org/wiki/Sodium-sulfur_battery
http://en.wikipedia.org/wiki/Temperature


 

 14 

2.3 IPMC Technology 

Typically an IPMC consists of a thin ionomer membrane with noble metal 

electrodes deposited on both of its surfaces, and is neutralized with certain 

amount of cations that balance the electrical charge of the anions covalently fixed 

to the backbone of the membrane to improve the ion mobility. When an IPMC is 

hydrated, the water molecules bind with the cations, and when a potential is 

applied between the electrodes the mobile hydrated cations migrate to the 

anode. This creates a higher density of water molecules on one side of the 

membrane and consequently converting the electrical potential into mechanical 

work via bending of the IPMC (actuation) as shown in Figure 6 [23].Inversely, 

when an IPMC is bent, a small electric potential between the electrodes is 

generated and thus the IPMC acts as a sensor in this case.  

The electrochemical behaviour of IPMCs has been the focus of several research 

groups, even if their electrochemical behaviour is similar to electrochemical 

double layer capacitors (EDCLs), no final descriptive model has been made 

about their electrochemical behaviour after more than 10 years of extensive 

research due to the great amount of variables to consider [24][25][26]. 

Some of the advantages of IPMC would be its actuating characteristics at 

a very low voltage (i.e. 1 - 4 V) and its versatility of being used in various shapes 

and sizes. However, one of the disadvantages of the IPMC is that it can be 

actuated only when the film is hydrated (wet condition). 

Recent research at SFU has demonstrated the applicability of IPMC 

configuration for energy storage [27] [28]. 
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Figure 6: Structure of an IPMC: a) not activated, and b) activated [23]. 

 

2.3.1 Fabrication Methods 

The electro-active performance of IPMC is related to the chemistry and 

congregation structure of the Ionomer film and its thickness, the counter ion, the 

manufacturing technology, and the type of conductive electrodes (usually noble 

metals) and its surface conformation. 

A prevailing method for manufacturing IPMCs is the electroless plating in 

which noble metals such as Pt, Au or Ag are deposited onto the ionomer film 

through chemical solution deposition technique. Other reported techniques to 

deposit metals onto an ionomer film include layer-by-layer (LBL), physical vapour 

deposition (PVD), and other mechanical deposition methods [29][27]. Electroless 
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plating generally consists of four basic steps: surface treatment or roughening, 

adsorption (or ion exchange), reduction (or primary plating), and developing (or 

secondary plating) [30].  

Roughening of the ionomer surface prior to metal electrode deposition is a 

common and important step for any of the methods previously mentioned. This 

allows enhancing the electrode-ionomer interaction/adhesion and maximizing the 

interfacial area by creating dendrite structures as show in Figure 1b). The most 

preferred roughening methods include manual polishing, sanding machine 

polishing and plasma surface treatment; hand roughening has also being 

demonstrated to provide the best results for roughening [31]. 

As mentioned previously, cation exchange allows balancing the electrical 

charge of the anions covalently fixed to the backbone of the ionomer which 

improve ion mobility. Cations may include alkali-metals such as Li+, Na+, K+, Rb+, 

and Cs+, as well as alkyl-ammonium cations such as tetramethylammonium 

(TMA+) and tetrabutylammonium (TBA+). The cation exchange process also 

called  “doping” is carried out by immersing the ionomer membranes in solutions 

containing the desired salts such as LiCl or LiOH for Li+ exchange, NaCl or 

NaOH for Na+ exchange, KOH or KCl for K+, etc., for a period of time typically 

longer than a day [32]. 

 When a PVD technique such as thermal evaporation or RF sputtering is 

used for metal electrode deposition, the cation exchange should be performed 

prior to these processes in order to avoid degradation of the polymeric properties 

due to exposition to high temperatures or plasma environment [33]. 
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3: PROPOSED CONFIGURATION OF POLYMER ENERGY 
STORAGE DEVICE 

In this chapter the proposed configuration of the polymer energy storage 

device is presented in order to fulfill the general objectives 1 and 2. The 

proposed PES presented in this work is based on previous investigations on dry 

state IPMC configuration for energy storage [34].  

3.1 Structure and Principle of Operation 

Although the proposed configuration of the PES is based in the IPMC 

technology, the dry state of the device (ambient humidity) is used, which turns an 

IPMC actuator to a purely energy storage device. This is based on the premise 

that with low water molecule concentration on the device, the cations are still 

able to move through the ionomer membrane without the weight of the water 

molecules attached to them and therefore no producing mechanical work 

(deformation) as shown in Figure 7. 

Currently, there are not available models describing the electrochemical 

behaviour of IPMC configuration as energy storage. At this moment, an extensive 

research and investigation based on XPS analysis is being carried out to find a 

model that can predict the behaviour of charges when an IPMC configuration is 

used for energy storage.  
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Figure 7: a) PES dry structure not charged and, b) charged state of PES. 

 

3.2 Materials 

All materials used in the proposed PES configuration are commercially 

available and do not require laboratory or experimental fabrication. They are low 

cost compared to other technologies such as Supercapacitors or Li-ion batteries.  

3.2.1 Ionomer Membrane 

Different ionomer membranes are currently available in the market such 

as NafionTM, FlemionTM and AquivionTM. They differ in the nature of the ionic side 

group, the number of free cation molecules or equivalent weight (EW) and length 

of the side chain.   
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Although NafionTM has been the most extensively ionomer studied for 

different applications including fuel cells, supercapacitors, sensors and actuators, 

or ionic energy conductors, this is not the only ionomer product that can fulfill the 

expectative for energy storage devices. For the purpose of this work two different 

ionomers are investigated, NafionTM and AquivionTM, and are analyzed and 

compared as part of the different variables involved in IPMC technology for 

energy storage. 

 

Figure 8: Polymer structure for a) LSC Nafion
TM

 and, b) SSC Aquivion
TM

 ionomer 
membranes. 

 

Both, NafionTM and AquivionTM belong to the acidic ionic side group but 

they differ mainly in two aspects: the length of the side chain and the EW. 

NafionTM is a long side chain (LSC) ionomer and AquivionTM is a short side chain 

(SSC) ionomer as shown in Figure 8.  Equivalent weight (EW) refers to the 

number of SO3H molecules at the end of the side chain as per gram of weight of 

the membrane (e.g. 1100 EW: 1100 g/mol SO3H), this is one the multiple factors 
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affecting the performance, which means that lower EWs have higher number of 

SO3H molecules available to exchange with the available cations on the 

solutions, thus increasing the proton conductivity. The differences between long 

and short side chain as well as the EW in ionomers, greatly determines their 

performance and proton conductivity [35] [36]. 

3.2.2 Cation exchange 

Cation exchange depends on the type of membrane, the solution 

concentration, agitation, temperature and time in which the ionomer membrane is 

left on the solution. In this design, 99.99% pure LiCl and NaCl salts were 

purchased from Sigma Aldrich. Those salts, having molar masses of 42.39 g/mol 

for LiCl and 58.44 g/mol for NaCl when dissolved in distilled (DI) water at various 

ratios then different normalities (N) or solution concentrations are obtained. 

Several researchers have explored doping times from 24hrs to 1 week as 

well as different normalities, for the mentioned salts [37] [38]. For this work, 1 

week has been chosen as the standard doping time as well as a high 

concentration of 2.0 N, which is considered to allow higher cation exchange, 

other used conditions include no agitation and performed at ambient 

temperature. 

3.2.3 Electrodes  

Although electroless plating of Pt electrodes is a predominant method for 

IPMC fabrication, this chemical method requires several time consuming steps 
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and repeated cycles of those steps to conform good conductive electrodes, and 

the complex chemicals used in this process are relative expensive [39]. 

For the proposed configuration of the PES device, Au has been selected 

as the electrode material, due to its high electrical conductivity and easy 

deposition via mechanical method such as PVD in a single step. 
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4: FABRICATION METHOD 

In this chapter the fabrication process of the proposed energy storage 

device is presented in order to fulfill the general objective No. 2. 

This fabrication method consist of simples steps that are described below 

in Figure 9  and in more detail on the sections of this chapter: 

 

Figure 9: Fabrication steps for the proposed PES in four simple steps: 1) roughening, 2) 
cation exchange, 3) metal electrode deposition and 4) initial charge of the device. 

4.1 Membrane Preparation 

Commercially available Nafion™ N-115 (LSC) 127μm thick with 1100 EW  

and Aquivion™ E87-10 (SSC) 100 μm thick with 870 EW  membrane sheets 

were purchased from IonPower Inc. and Ajedium Films, a division of Solvay 

Solexis Inc., respectively. These membranes were cut with regular scissors to 

desired segment sizes prior to surface treatment/roughening.  

4.1.1 Surface Roughening 

Both sides of the membrane segments were treated with commercially 

available fine grain sand paper (#320) to increase surface roughness. The 
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purpose of surface roughening is to increment electrochemical interaction 

between membrane and electrodes as previously mentioned; resulting surface 

morphology is show from a Scanning Electron Microscope (SEM) in Figure 10. 

That morphology is similar to that of carbonaceous materials in EDCLs and 

hybrid capacitors. 

 

 

Figure 10: SEM images of hand-roughened devices with a) 250 magnification, b) 1.6k 

magnification and b) 45˚ tilted cross-section at 16k magnification. 
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4.1.2 Cation Exchange 

Roughened segments were rinsed with DI water for cleaning of residues, 

after that, LSC and SSC segments were both separately immersed on 2.0 N LiCl 

and 2.0 N NaCl solutions for the period of a week without agitation or heating, 

this to obtain cation exchange of Li+ and Na+ from the intrinsic H+ form of the 

originally manufactured membranes to enhance Ion mobility. After a week, the 

samples were removed from the solutions and rinsed again with DI water and put 

in a convention oven at 60 ˚C for 2 hours to reduce moisture to ambient humidity. 

The segments in the three forms were then cut in smaller pieces using regular 

scissors to obtain desired sample sizes. 

4.2 Electrode application 

All sets of undoped H+ and doped with Li+ and Na+ Ionomer samples were 

used to deposit electrodes consisting of a thin 5 nm Cr layer and 100 nm Au 

layer. The electrodes were deposited by either RF sputtering or thermal 

evaporation on both sides of the two LSC and SSC types of samples. The Cr 

was deposited first to guarantee good adhesion between the polymer and Gold 

electrode.  

4.3 XPS analysis  

X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic 

technique that measures the elemental or atomic composition of the elements 

present within a material. XPS spectra are obtained by irradiating a material with 
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a beam of X-rays while simultaneously measuring the kinetic energy and number 

of electrons that escape from the top 1 to 10 nm of the material being analyzed. 

XPS analysis was performed to determine the atomic concentration of the 

Na1s cation within the ionomer membrane with one week doping and 2.0 N 

concentration. Results show a concentration of 11.7% for NafionTM and 3.4% for 

AquivionTM membranes, respectively. Difference in the concentrations can be 

mainly attributed to the higher EW of NafionTM membrane. 

 

Figure 11:  XPS bond analysis of Na1s in a) Nafion
TM

  with two identified bonds (peaks) 
and, b) Aquivion

TM
 with two modelled bonds (blue and red). 

 

Figure 11 show formation of two different bonds for Na1s within the 

membrane at ~1070 eV and ~1073 eV levels of energy, which means that the 

introduced Na+ cation during exchange is not only replacing the H+ ion but also 

creating bonds with other chemicals present in the membrane. The nature of 

these bonds is still under investigation. 
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4.4 Manufactured PES devices 

Finished PES devices have sizes of 1cm2 active area, with thicknesses of 

around 100μm, low weight of around 21 mg, completely flexible and with the 

appearance of IPMCs as show in Figure 12. 

 

 

Figure 12: Finished PES devices. 

 

4.4.1 Initial charge of the PES device 

The initial charge performed on the PES will determine the polarity of 

device due to attraction of the mobile cations to the anode and the fixed anions to 

the cathode. This condition of keeping the anode and cathode on their relative 

position is important for following charge cycles. 
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5: ELECTRICAL TESTING AND CHARACTERIZATION 

In this chapter the testing and characterization process of the proposed 

energy storage device is presented in order to fulfill the general objective No. 3. 

Different well know methodologies are employed to characterize the 

electrical behaviour and performance of the developed PES devices, those 

methodologies include: Cyclic voltammetry, charge/discharge cycles, 

capacitance measurement, constant current discharge, equivalent series 

resistance, leakage current, AC impedance spectroscopy and energy and power 

density measurements. 

5.1 Cyclic Voltammetry 

Cyclic Voltammetry (CV) is a widely used electrochemical method for 

acquiring qualitative information about electrochemical reactions. The main 

components required for Cyclic Voltammetry are a reference electrode, an 

auxiliary electrode, a working electrode and a potentiostat. The Potentiostat is an 

instrument that controls the potential of the working electrode with respect to the 

reference electrode while also measuring the current flow between the working 

electrode and counter electrode. The resulting current-potential curve is called a 

cyclic voltammogram [40].  

This is a very useful technique and has several applications such as 

understanding the redox behaviour of a given molecule, mechanistic 
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understanding of organic reactions, organometallic chemistry, polymer chemistry, 

etc. 

CV was performed on all samples to determine the electrochemical 

reactions occurring in the PES devices and to assess the electrical behaviour for 

LSC and SSC ionomers with different cation forms.  A bipotentiostat, model 

AFCBP1 from PINE instrument company, was used to perform these tests using 

solid state CV in which the working electrode (K1) is placed in the anode and the 

reference (REF) and counter (CE) electrodes placed on the cathode of the PES 

device. All tested samples were 1cm2 in size as shown in a previous figure. 

 

Figure 13: CVs for Nafion
TM

 membrane in a) H
+
 form, b) Li

+
 form and, c) Na

+
 form. 
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Testing of the PES samples for CV were carried out at scan rate of 100 

mV/s, with current range between -0.010 to 0.010 A and voltage range between  

-4.95 to 4.95 V, for 2 repeated cycles. From the analysis of the CV results, three 

main conclusions can be made: 1) all results show reversible reactions which 

imply that ions and cations return to their original positions after discharge, 2) 

there are some reduction/oxidation reactions occurring on the 

charging/discharging process represented by the peaks on the curves and 3) the 

obtained graphs highly resemble the expected behaviour of a CV for a 

supercapacitor due to the ascending and descending curves at the end of the 

potential limits [40].   

 

Figure 14:CVs for Aquivion
TM

 membrane in a) H
+
 form, b) Li

+
 form and, c) Na

+
 form. 
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Although the difference between the cathodic current (upper curve) and 

the anodic current (lower curve) shows a better current supply performance for 

NafionTM Li+ and AquivionTM Li+, this just shows current as a potential, in reality, 

most of the power introduced in those configurations of PES is consumed by the 

secondary reactions of Li+ with other elements inside the membrane. By analysis 

of the Figure 13 and Figure 14 it is clear that the most stable and with the best 

potential and current performance will be based on Na+. 

Although Faradic processes (battery-like) are observed on the devices, 

the electrical characterization and analysis of the PES devices will be performed 

based on the consideration of supercapacitor behaviour. 

5.2 Electrical Characterization 

5.2.1 Charge and discharge cycles of the PES device 

A simple and common way to approach to the electrical characterization of 

an energy storage device is the charge-discharge cycling in which the device 

under test is charged to a certain potential under constant current (CC) or 

constant voltage (CV), and then discharged with a known load. From these 

results, capacitance and other variables can be determined in an uncomplicated 

way.  
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Figure 15: Set-up representation for charge/discharge cycles of the PES using 
conventional equipment. 

 

The PES samples were charged through a Keithley 2400 sourcemeter; in 

parallel a Texas Instruments 6009 DAQ recorded the voltage during charge and 

discharge via LabView program as shown in Figure 15. While discharging, the 

sourcemeter was isolated from the circuit due to its low impedance which 

produces immediate discharge of the PES device.  

PES were charged for 250 sec at a constant voltage of 5V and no 

compliance on the current was set,  then samples were discharged for a period 

of time between 1250 and 1750 sec with a load of 144kΩ which is the internal 

impedance of the DAQ. All sets of undoped (H+) and doped (Li+, Na+) 1cm2 LSC 

and SSC samples were tested with several cycles and the data recorded through 

LabView program. Results show high repeatability and stability of the PES 

devices at the set charging conditions. Figure 16 illustrates typical charge 

discharge profiles for NafionTM and AquivionTM in different cation forms. 

It should be noted that the observed time to reach the charging voltage of 

the PES devices is around 1 or 2 seconds, which is typical behaviour for 
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supercapacitor charge, but the discharge time is longer that of a supercapacitor. 

Usually the discharge time for supercapacitors takes few seconds to couple of 

minutes [12]. In this case it takes more than 30 minutes to discharge the 

proposed PES device, indicating a battery like discharge process. This 

performance can be attributed to the fast accumulation of ions in a double layer 

capacitance at electrode/electrolyte interface during charge and the passive 

movement of ions inside the membrane during discharge. 

 

Figure 16: Typical charge-discharge curves for a) Nafion
TM

 in (i) H
+
, (ii) Li

+
 and (iii) Na

+
 

forms and b) Aquivion
TM

 in (i) H
+
, (ii) Li

+
 and (iii) Na

+
 forms. 

 

As can be observed in the Figure 16, Na+ samples show the highest held 

voltage during discharge; however, Na+ doped AquivionTM exhibit by far the best 

performance on among other configurations. At this point, and considering the 

results obtained from cyclic voltammograms and charge/discharge cycles 

indicate that Na+ AquivionTM configuration present the best performance for 

energy storage .Therefore, subsequent tests and electrical characterization will 

be performed only on this chosen configuration and will be referred as “AqNa”. 
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Figure 17: Lifetime and stability assessment of PES through 1000 charge/discharge 
cycles. 

 

A very important measurement used in the evaluation of performance for 

energy storage devices (ESD) is the cycling stability, in which a large number of 

charge/discharge cycles are carried out, typically above 103 cycles. In order to 

evaluate the AqNa PES cycling stability, 1000 charge/discharge cycles were 

performed through custom built electronic circuit, under the following conditions:  

charge to 5V with CC of 20 mA, 3 sec charge and 3 sec discharge time and load 
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of 10 kΩ.  Results presented in Figure 17 show a high cycling stability during the 

1000 cycles with improvement of held voltage after the first 100 cycles. No 

degradation of the AqNa PES device was observed after this test. Further tests 

should be performed to determine stability at higher number of cycles. 

5.2.2 Constant current discharge 

Constant current discharge allows determining the maximum power that 

an ESD can provide in a period of time. For this test, a known constant current 

load is applied to a fully charged ESD and record of the voltage over time. 

Constant current discharge test of the AqNa PES device was performed 

through a Keithley 2400 sourcemeter at two constant loads of 50μA and 100μA 

and voltage recorded until 0.5V potential was reached, see Figure 18 . 

 

Figure 18: Constant current discharge curves of AqNa device with (i) 50uA and (ii) 100uA 
loads. 
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5.2.3 Capacitance calculation 

Capacitance is the ability of a capacitor or supercapacitor to store energy. The 

most common, simple and widely used method to determine the capacitance of a 

supercapacitor is the RC time constant :In an RC circuit, the value of the time 

constant (in seconds) is equal to the product of the circuit resistance (in ohms) 

and the circuit capacitance (in farads) equal to       , which is the time 

required to charge the capacitor, through the resistor, to 63.2 % (≈ 63%) of full 

charge, or to discharge it to 36.8 % (≈ 37%) of its initial voltage.  

 

Figure 19: Capacitance measurement for AqNa PES configuration. 

 

Capacitance can be calculated as :        divided by R = 144 kΩ 

(internal impedance of the 6009 DAQ.) which is equal to 8.25 mF for a 1cm2 

device, see Figure 19.  
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5.2.3.1 Specific capacitance 

Specific capacitance refers to the overall capacitance of a certain device 

divided by the weight of its active material in the electrodes. A simple way to 

calculate specific capacitance for a 1 cm2 AqNa PES is presented in Equation (1) 

[41] [42].  

     
 

  
                     (1) 

Where Csp is the specific capacitance, C is the measured capacitance of 

the supercapacitor (in farads) and me is the mass (in grams) of a single 

electrode. By substituting C= 0.00825 F and me= 0.000193 g on the equation, a 

specific capacitance Csp= 85.5 F/g is obtained. In comparison, a recent 

publication of an ELDC using ionomer with Na+ or K+ and carbon electrodes, 

demonstrated specific capacitances of 40 F/g and 55 F/g respectively [15]. 

5.2.4 AC impedance spectroscopy 

Electrochemical Impedance Spectroscopy (EIS) or AC impedance method 

has seen tremendous increase in popularity in recent years. Initially applied to 

the determination of the double-layer capacitance, they are now applied to the 

characterization of electrode processes and complex interfaces. EIS studies the 

system response to the application of a periodic small amplitude AC signal. 

 In impedance spectroscopy, a small sinusoidal voltage is applied on the 

sample over a wide frequency range, from 10
5
 to 10

-3
 Hz. It is therefore an 

alternating current (AC) technique. The controlling computer system measures 
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the magnitude of the current induced by the potential and in addition the phase 

angle between the potential and current maxima. 

Two important plots are obtained from AC impedance spectroscopy, The 

Bode plot and the Nyquist plot. Bode plot shows the frequency response of a 

system and Nyquist plot allows assessing the stability of a system with feedback, 

the real part of the impedance is plotted on the X axis and the imaginary part of 

impedance is plotted on the Y axis. The frequency is swept as a parameter. 

 

Figure 20: Bode plot for an AqNa PES sample. 

 

Data used to create both plots was obtained from a HP 4192A LF 

impedance analyzer (5Hz-13MHz). In a Bode plot, the resistive behaviour is 

assigned with a phase angle of 0˚, while the capacitive behaviour is assigned 

with a phase angle of -90˚, as the frequency decreases the phase angle 

increases to reach the cut-off frequency fc, which later on will be used in the 

calculation of the equivalent series resistance (ESR) [43].  

http://en.wikipedia.org/wiki/Feedback
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Figure 21: Nyquist plot for an AqNa PES sample. 

 

In the Nyquist plot, the semi-circle at high frequencies corresponds to the 

faradic charge-transfer behaviour (left side of the plot) of the AqNa PES. The 

polarisation resistance or value of ESR is equal to the intercept segment of the 

semi-circle with the real impedance axis but due to limitations in the measuring 

equipment, this value could not be obtained. The straight line at low frequencies 

(right side of the plot) corresponds to the linear diffusion process of oxidised and 

reduced species and is described as the "Warburg" impedance and is related 

with the capacitive behaviour of the AqNa PES. 

5.2.5 ESR measurement 

The equivalent series resistance (ESR) rating of a supercapacitor is the 

AC impedance of the device when used at high frequencies and includes the 

resistance of the electrolyte material, the DC resistance of the terminal leads, the 

DC resistance at the interface of the electrolyte, and the supercapacitor electrode 
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resistance all measured at a particular frequency. A theoretically perfect 

supercapacitor would be lossless and have an ESR of zero and it would have no 

in-phase AC resistance. In the real world, all supercapacitors have some amount 

of ESR. All three sources of loss are illustrated in Figure 22 below: 

 

Figure 22: Representation circuit for the 3 different types of supercapacitor losses. 

 

The circuit shown in Figure 22 would have a total dissipation factor or total 

loss equal to: D1 + D2 + D3 = ESR. Where: 

                             (2) 

   
 

    
                     (3) 

   
 

    
                      (4) 

At very low frequencies, below 1Hz, two loss mechanisms need to be 

considered and these are leakage current (D2) and dielectric absorption (D3). The 

leakage current is equivalent to a parallel resistance and dielectric loss is 

equivalent to a capacitor in series with variable resistance, both parallel with the 
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AqNa testing supercapacitor. Since the AqNa PES device is not charged or 

discharged at low frequencies (below 1 Hz), D2 and D3 are negligible and only 

the actual series resistance (D1) is considered. Based on this, the ESR can be 

expressed as: 

                                                         (5) 

Where, the actual series resistance Ras is calculated by: 

    
 

     
                       (6) 

The cut-off frequency fc = 73˚ obtained from Figure 20, and the known 

capacitance of the device (8.25 mF) on the equation (6), we obtain a Ras= 0.264 

Ω, and by replacing different frequencies on equation (5) the following ESR 

values are calculated: 

Table 1: ESR calculated for different frequencies. 

 

 

Freq (Hz) Ras (Ohms) C (F) ESR (Ohms)

70 0.264 0.00825 0.96

100 0.264 0.00825 1.37

200 0.264 0.00825 2.74

500 0.264 0.00825 6.84

1000 0.264 0.00825 13.68

3000 0.264 0.00825 41.05

6000 0.264 0.00825 82.11

9000 0.264 0.00825 123.16

15000 0.264 0.00825 205.27

25000 0.264 0.00825 342.12

50000 0.264 0.00825 684.24

100000 0.264 0.00825 1368.48
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5.2.6 Leakage current 

The electrolyte used inside a supercapacitor to separate the conductive 

electrodes is not a perfect insulator resulting in a very small current flowing or 

"leaking" through this media due to the influence of the powerful electric fields 

built up by the charge on the electrodes when applied to a constant power 

supply. This small DC current flow typically in the region of nano-amps (nA), is 

much higher in supercapacitors compared to regular capacitors, and is called the 

leakage current. Leakage current is a result of electrons physically making their 

way through the separating medium, around its edges or across its leads and will 

over a long period of time, fully discharge the supercapacitor.  

Using a 10 Mega Ohm resistance the leakage current in micro amps is 

given by I = V/10. AqNa supercapacitors through a bias of 10-20mV under these 

conditions, which equates to leakage currents that are on the order of 1.0 μA 

to 2.0uA. 

5.3 Power and Energy Densities  

Because supercapacitors have two electrodes, both of these electrodes, 

when charged, will simultaneously form a double-layer capacitance consisting of 

positive charges on the surface of the electrode and charged anions in the 

electrolyte. In this case, there is no real dielectric, and the spacing between the 

two electrodes is the distance between the charged ion and the surface of the 

electrode, on the order of 1 nm. Then, a key factor on determining the 

performance of the ESD is the surface area of the electrode material, which is 

directly correlated to its mass. This has guide researchers to calculate the power 
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and energy densities of their ESDs based on the mass of the electrodes used in 

their different configurations. For instance, to maximize the surface area, highly 

porous carbons such as activated charcoal with surface areas on the order of 

1000 m2/g are used to be coated onto metallic foils (current collectors) for 

supercapacitors.  

Energy density ED and power density PD can be calculated with the 

following equations [44] [45]:  

    
 

 
   

  
                     (7) 

        
  

  
                     (8) 

Where C is capacitance of a single supercapacitor cell, V is the nominal 

operating voltage of this device, I the current and Me is the total mass of both 

electrodes.  A single AqNa PES cell (1 cm2) has a capacitance of 8.25 mF, a 

nominal operating voltage of 2.5 V, provides 0.1mA of current and the total mass 

of its electrodes is 3.86x10-7 kg. By replacing those values on equations (7) and 

(8), energy density ED = 66791 J/kg = 18.55 Wh/kg and PD = 647.7 W/kg are 

obtained. These values are comparable with results reported by other 

researchers for different supercapacitor configurations [46] [47] [48]. 

The results of energy and power density for AqNa PES devices put this 

technology in a good position respect to other energy storage technologies in the 

Ragone plot, see Figure 1. 
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5.3.1 Energy cost comparison 

At the research stage, the fabrication cost of a single AqNa PES cell 

(1cm2) is CAD$ 0.001, this cost is calculated by the cost of materials used on 

fabrication, such as cost of membrane, cost of electrode materials and cost of 

alkaline salts used in cation exchange. Considering that this individual cell is able 

to provide 8.25 mF then 121 of these cells will be required to provide 1 farad 

capacitance, and giving a cost per farad is 0.121 $/F. This cost per farad is 

competitive when compared to cut edge emerging energy storage technologies 

that offer 0.62 US$/F [49].  
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6: APPLICATION OF AQNA PES IN SELF POWERED 
SYSTEMS 

In this chapter the application of the proposed AqNa PES in self powered 

systems is presented in order to fulfill the general objective No. 4. 

6.1 Background 

The most important challenge in self-powered systems like sensors and 

systems deployed in wireless, portable electronics or wearable applications will 

be selecting the energy source. For most electronics, the required energy to 

power its microprocessors is negligible; however, its sensor, actuator, signal 

processing and communication elements may consume significant amounts of 

power. In applications that require ultra-lightweight and flexible systems with 

small footprints operating autonomously, often the primary energy source is a 

energy storage device that is substantially larger than the system it powers, with 

the problem that most existing energy storage devices are relative heavy and 

rigid.  

Recent efforts to solve this problem include supplementary power sources 

using solar or mechanical energy harvesting. Integrated solar cells on outdoors 

wireless sensor nodes, and vibration energy harvesters used on automotive 

sensor units are some commonly found examples.  
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Solar energy is the most attractive for energy harvesting since it is the 

most accessible and the most inexpensive energy source found on Earth. 

Although Silicon-based solar cells can achieve higher power conversion 

efficiency (PCE) of around 20%, their high manufacturing costs and rigid/fragile 

structure discourage greater use. Unlike silicon-based solar cells, photovoltaic 

polymer solar cells (PSC) cost much less to manufacture due to the extremely 

low quantities of material required. The polymers can be printed on thin, flexible 

substrates using various print-based fabrication methods, avoiding costly silicon 

chip manufacturing and processing. Recent advances in polymer solar cell 

technology have increased its PCE to higher than 8% [50] and efficiencies could 

reach as high as 17% in the near future [51]. Combined with its low costs of 

manufacturing, PSCs can offer a very attractive sub-dollar-per-watt figure, and 

are anticipated to greatly surpass silicon-based solar cells in both use and 

application range. 

In order to provide a complete energy solution, the PSCs must be 

integrated with an efficient energy storage reservoir. This reservoir system 

should have both high power and energy densities, and must be similarly thin, 

flexible, and lightweight to take advantage of all the PSC characteristics.  

Although, Thin, flexible, low weight batteries are available (limited in 

quantity orders) off-the-shelf are provided in limited quantities are supplied 

companies with “soft” batteries such as Enfucell, PowerPaper and BlueSpark. 

They are not re-chargeable (disposable), have limited capacities between 2 to 

5m Ah/cm2, have low nominal voltage of 1.5V and the internal resistances of the 
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devices are unfortunately high, commonly at 300 Ω. These energy sources also 

only provide low nominal continuous current (0.03mA to 1.5mA). It is common for 

the devices to have a limited operating temperature range between -20°C to 

60°C.  

The proposed AqNa PES technology presents a very suitable solution for 

energy storage in combination with energy harvesting PSCs to develop 

completely autonomous self-powered systems, offering thin, low cost, flexible, 

low weight, high energy and power densities and reliable performance at different 

temperatures.   

6.2 PSC Overview 

Polymer Solar Cells (PSCs) are usually built from a polymer conductive 

layer (PEDOT:PSS) and a photo-reactive polymer layer (P3HT:PCBM blend), 

consecutively deposited on a flexible conductive substrate acting as anode (e.g. 

ITO coated PET), after those layers are applied, a metal cathode is deposited on 

top of those layers. This structure of PSC is called a bulk-hetero-junction (BHJ) 

configuration. Aluminum is a commonly used metal cathode, with the greater 

limitation that typically BHJ PSC with Al cathode can only hold a good PCE for a 

maximum of 2 days, this due to degradation of active layers by exposure to 

moisture and oxygen [52]. 

In order to assess the performance of a single PSC different variables are 

measured such as, the open circuit voltage (Voc), the short-circuit current density 

(Jsc) which is the current provided by the cell per unit of active area, the fill factor 
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(FF) which is the ratio of the actual maximum obtainable power and the power 

conversion efficiency (PCE) or percentage of power converted from absorbed 

light to electrical energy. 

Our research group at SFU has recently demonstrated and developed a 

type of BHJ PSC completely fabricated on air, using Indium as a novel cathode 

material, cells with Voc of 0.45 V, Jsc of 9 mA/cm2, fill factor of 45% and PCE 

around 2% that have lasted for over one year and show little evidence of 

degradation [53].  

6.2.1 PSC fabrication 

The fabrication process of the developed PSC consists of 4 basic general 

steps as shown in Figure 23. A flexible polymer substrate (e.g. polyethylene 

terephthalate PET) coated with a transparent conductive material, typically 

indium tin oxide (ITO) is used as anode and PEDOT:PSS and P3HT:PCB layers 

are deposited by spin coating. A more detailed explanation of these steps is 

presented in appendix A.  
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Figure 23: Summarized OSC fabrication steps, (a) deposit transparent anode on flexible 
substrate, (b) print/cast hole transport layer, (c) print/cast active layer, (d) low-
temperature application of cathode. 

 

After those layers are applied, the indium cathode is deposited at low 

temperature (<160 ˚C) on a hot plate, then the finished cells are laminated to 

protect them from dust and possible damages. PSC can be tested either by 

measuring the performance variables by exposing to direct sunlight or by using a 

light source emulating the actual light provided by the sun [54] [55], these light 

sources also known as solar simulators can be quite expensive and represent 

high up-front investment for research, an alternative for this type of equipment is 

presented in Appendix A .  

6.3 PSC and AqNa PES integration 

In order to demonstrate the feasibility of using AqNa PES devices as 

energy storage when integrated with PSC, a 2D configuration connecting those 

two devices in parallel is adopted for testing. During charge and discharge of the 

PES a digital acquisition (Texas instruments 6009 DAQ) module was used to 

record the voltage and a 2400 Keithley sourcemeter used to apply a constant 

load after fully charged. 

6.3.1 Testing set-up 

Testing of the integrated two-dimensional (2D) system was initiated by 

connecting a AqNa PES to a PCS according to Figure 24, and outside sunlight of 

~1000 W/m2 was used to radiate the PSC. The PSC was comprised of 6 
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photovoltaic cells on a flexible PET substrate, each with a Voc of 0.3V, connected 

in series to produce a total voltage of 1.8V. The area of each cell is 0.06cm2, 

providing ~0.1mA of current. Measurement of the charge and discharge of the 

AqNa PES was done by connecting the 6009 DAQ to the setup, which allows 

real-time monitoring. The PES cell was allowed to charge to 1.8V for several 

minutes before being discharged at a constant current load of 50μA for 30 

minutes or until a voltage of 0.5 V was reached in the PES, upon which the test 

was stopped. 

 

Figure 24: Testing set-up for integrated PSC and AqNa PES devices. 

6.3.2 Results 

The results obtained from the electrical testing of the PES and PSC 

integration clearly show the feasibility of the AqNa devices as energy storage for 

the power harvested by the PSC. The stored energy in the PES can later be 

used even if little or no energy is being harvested by the solar cell. Recorded 

voltage during charge-discharge of the PES device is show in Figure 25. 
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Figure 25: Measured voltage for integrated PES-PSC, during PSC operation PES charge 
(blue), and only PES operation in discharge (red). 

 

6.4 Self Powered Systems 

The proposed integration of PSC and PES for self powered systems offers 

a wide range of applications; these include: powering CMOS microchips, 

aerospace applications, powering of actuators, biomedical sensors and virtually 

any device than will be exposed to light. 

The scalable nature of the PSC and PES devices allow the designer to 

implement power solutions of nearly any capacity. One example application 

integrates the flexible energy system as the packaging material enclosing a 

CMOS microchip. A small packaging configuration (25mm x 25mm) can provide 

1.8V and 5mA, while a slightly larger packaging configuration (20mm x 50mm) 

can provide up to 3.7V and 10mA. The system can further be configured to host 

multiple chips, or a chipset, within a larger array area such as that of a mobile 

phone case. This energy harvesting system not only allows the electronics to 

operate at high power during periods when there is sufficient light, but also to 
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continue operations throughout periods when little or no energy is being 

harvested [56][57][58]. 

Aerospace applications such as autonomous robots and rovers where 

ultra-light weight is a mandatory requirement can be powered by the PSC-PES 

integration, taking advantage of the sun light available anywhere in the solar 

system. Since PCS-PES can be conformed to any shape or size, they could be 

applied on the robot surface or frame [59]. Actuators that require light weight 

powering systems where their surface is constantly deformed can use the 

advantage of the PCS-PES flexibility and light weight [60]. 

Other alternative for application of PSC-PES technology is in sensors, 

specifically biomedical sensors where thin, light weight, flexibility and reliability 

are required especially for wearable devices [61] [62] [63].  
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7: CONCLUSIONS AND FUTURE WORK 

A novel energy storage device based on the SSC ionomer AquivionTM 

membrane doped with Na+ cation in the IPMC configuration has been 

investigated, developed, tested and presented. 

By implementing a simple and low cost fabrication process AqNa PES 

devices were fabricated using commercially available materials and thoroughly 

tested to determine the electrical characteristics and performance for these 

devices. AqNa PES with battery-like supercapacitor behaviour exhibited specific 

capacitances of 85.5 F/g, energy densities 18.55 Wh/kg and power densities of 

647.7 W/kg. These devices also showed high cycling stability above 103 charge-

discharge cycles and a low cost per farad of 0.12 CAD$/F. These results fulfill 

the expectations defined for objectives 1 to 3.  

The feasibility for using AqNa PES in self powered systems was evaluated 

through integration with PES as energy storage and PSC as energy harvesting 

devices. They were tested by charging a PES with a PSC reaching 1.8 V and 

then discharged with a constant load of 50 μA. Results have shown the practical 

use of AqNa PES technology in self-powered systems. Expectations for objective 

4 were fulfilled. 

Although the overall expectations were met, one key factor that should be 

improved is the current density provided by the AqNa PES devices. 
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Future work includes the improvement of the current density provided by 

AqNa PES devices which will involve exploring different electrode materials and 

their combinations to increase the surface area at the interface between 

electrolyte and electrode, the utilization of ionic liquids to increment the ion 

mobility inside the membrane without electrolysis of water, reduce electrolyte and 

electrode thicknesses, explore and implement the stacking configuration of AqNa 

devices and finally, implement controlled ionomer electrolyte surface 

conformation by using methods such as hot embossing and casting of the 

available solid or liquid AquivionTM ionomer using nanofeatures shims. 

 Another important step forward will be the development of an 

electrochemical model that will allow predicting the AqNa PES behaviour under 

different variables and circumstances; this will include exhaustive XPS analysis 

and chemical investigation on the ion mobility inside the membrane. 

  Finally, 3D integration (stacking) and packaging of PES devices with 

PSCs will be implemented for application on self-powered systems.  
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APPENDIX A 

Tungsten Lamps as an Affordable Light Source for Testing of 
Photovoltaic Cells 

In general, PSCs are characterized by exposing the device to direct sun light or 
to a light-source simulating the actual solar irradiance. Regardless of the active 
material or fabrication process, PSCs are subjected to the same standard test 
conditions [64]. Adherence to these standards enables researchers to compare 
the performance of photovoltaic devices tested in different laboratories. In 

standard PSC testing, solar cells are examined at 25 ˚C with a light source and 

having an air-mass global value of 1.5 (AM 1.5G) [65]. The light intensity is 
measured in standard “Sun” values (1 SU = 1000 W/m2) and can be adjusted 
accordingly. To be suitable for PSC testing, a light source should meet several 
requirements such as proper spectral distribution, long and short time stability, 
and an irradiance non-uniformity below 10%. When the spectrum of the light 
resembles the spectral distribution of natural solar radiation then such equipment 
may be called a solar simulator [66]. International standards (EC 60904-9 Edition 
2 (2007), JIS C 8912, and ASTM E 927-05) define the minimum requirements for 
a solar simulator and divide them into three classes A, B or C according to the 
acceptable tolerances for the following main characteristics, namely: spectral 
match to sunlight, spatial uniformity of the light beam, and stability of the light 
beam over time [67]. 

 

Most solar simulators consist of an adjustable source of light (usually a Xenon 
bulb) which allows the radiation density to be set at different SU levels. In 
addition, a spectral correction filter and a collimating lens are used to match the 
light source to the spectrum and angle of incidence of natural sunlight [68][69]. 
The solar simulator should allow repeatable measurements of the output of the 
PSC cell (e.g. I-V curve) which is subsequently used to retrieve important PSC 
parameters such as: the short-circuit current (Isc), open-circuit voltage (Voc), fill 
factor (F.F.), and power conversion  efficiency (EFF). Not surprisingly, the cost of 
commercially available solar simulators is quite high, typically starting at 
approximately $7000 (US) for basic equipment [70]. Academic researchers and 
application development engineers wishing to utilize PSC prototypes developed 
in the lab must make a considerable upfront investment when specialized testing 
equipment is required for the evaluation of new cell designs. This cost may deter 
some laboratories from pursuing photovoltaic research and development, 
particularly those researchers involved in system designs where many 
components are being developed concurrently. The need for inexpensive 
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alternatives for solar cell testing have propelled various authors to propose 
different approaches based on low cost components which include halogen 
lamps [71], light emitting diode (LED) array platform [72][73], and fluorescent 
sources [74]. Furthermore, another crucial factor in the choice of solar simulators 
is their ability to precisely control the irradiance reaching the PSC cells in order to 
achieve proper characterization under various illuminations. 

 

An enhanced Tungsten light source setup, with a color temperature approaching 
5200 K, is proposed, developed, and discussed. The purpose of this apparatus is 
to replicate, as closely as possible, the characteristics of a solar simulator at a 
much lower cost with the capability of setting the intensity at various desired 
levels. This precise control over the range of irradiances allowed a reliable first 
order characterization of the PSC behaviors. The total cost of the presented test 
setup, excluding the cost of tools used to develop and characterized this setup 
(e.g. spectrometer, solar power meter, Labview, etc), is approximately $600 
(CND). In addition, the precise control over a wide range of irradiances has also 
been achieved using this Tungsten light setup, allowing a rigorous 
characterization of PSCs cells. Finally, this paper also reviews the test 
requirements for testing PSC cells, identifies faulty conditions, and provides the 
experimental characterization of some example PSCs and silicon-based solar 
(Si-PSCs) cells. 
 

Testing Methodology 

The proposed light source is characterized based on the three common 
international standards: spectral match, spatial uniformity and temporal stability 
[67]. Qualitative analysis on the performance of the light source setup is given to 
illustrate its usefulness in practical laboratory-grade solar cell testing, without 
investing large upfront testing equipment costs. The analysis of the proposed 
low-cost Tungsten light setup further provides a comparison with commercial 
solar simulators. The characterization of the light setup presents the low-cost 
arrangement as a complementary tool for scientist to test laboratory grade solar 
cells, rather than with the intent to replace high-end commercial solar simulators 
in testing and certification scenarios. 

 

Firstly, the light source performance was evaluated by measuring the spectrum 
and evaluating the quality of the spectral correction. The spectra from the 
Tungsten light source setup before and after filtering were collected using an 
affordable high-resolution, high-stability CCD spectrometer (HRS-VIS-025, 
Mightex Corp., wavelength range between ~400 nm and ~800 nm), and 
compared to the spectrum of the sun measured using the same spectrometer. To 
assess the spectral match between the filtered Tungsten light and the measured 
solar spectrum, the mean square error (MSE) for each case was evaluated as 
follows: 
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where Isun and Imeas are the normalized intensity of the sun and the tungsten lamp 
with or without filters, respectively. Small periodic oscillations in the recorded 
signals were filtered with a low pass Butterworth filter using LabView [18]. The 
spatial uniformity was determined by measuring the light intensity over an 
irradiated area of 250 x 250 mm2 using an affordable solar power meter 
(Amprobe Solar-100, $119 US). The sensor of the solar power meter was 
positioned at different equally spaced locations within the irradiated area and 
using a shadow mask of 25 mm2 aperture, where the irradiance at these 
locations was recorded. Spatial non-uniformity (SNU) was calculated as follows: 
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where Emax and Emin are respectively the maximum and minimum measured 
irradiances. Finally, the temporal stability of the light source was calculated by 
measuring the light source spectrum at three intervals of time, ~0 s, 60 s and 
3600 s, using the referenced spectrometer. All measurements were performed at 
a distance of ~ 350 mm from the light bulbs. The results section of this paper 
discusses the outcome of the analysis.  

Upon characterization of the low-cost solar simulator setup, the apparatus can be 
used to test PSC cells fabricated in-the-lab. The PSC samples are irradiated at a 
constant intensity using the proposed setup and the current-voltage (I-V) 
response is recorded with a Labview controlled source-meter unit (Keithley 
2400). 
 

Tungsten Light Source 

The proposed light setup was built using commercially available materials and 
consists of an array of six halogen (Tungsten filament) spot light bulbs (AC 50 
W/120 V Halogena, General Electric). The bulbs were aligned perpendicularly to 
illuminate the sample testing surface. Each one of the bulbs can be activated 
independently of each other. In this manner, the output power in the form of 
irradiance could be regulated by sequentially turning on each one of the light 
bulbs as well as by a dimming component. A maximum input power of 300 W can 
be reached when all light bulbs are activated; this is equivalent to a maximum 
irradiance of 3500 W/m2 (3.5 SU). A dimmer is incorporated into the circuit for 
further tuning of the intensity of light. However, this configuration does not 
accurately recreate the solar spectrum due to the mismatch between the 
Tungsten lamps and the sun in the infrared (IR) and the ultraviolet (UV) 
spectrums as depicted in Figure 26a [54].  
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Improvements to the setup were made by increasing the color temperature of the 
output light to approximately 5200 K using inexpensive filters such as a super-
heat shield (Rosco), a Thermashield (Rosco), and a day light filter (Cinegel 
#3202 Full Blue, Rosco). The purpose of the first two filters was to attenuate the 
amount of heat reaching the PSCs and also to prevent the degradation of the 
deep-dyed base daylight filter. The latter filter was used to increase the color 
temperature of the Tungsten lamps from 3200 K to ~5200K. Finally, an infrared 
filter, or hot mirror (FM01, Thorlab Inc.), was also used to attenuate the unfiltered 
near-infrared (NIR) light reaching the PSC samples. The overall setup 
configuration is depicted in detail in Figure 26b and c. 

 

 

Figure 26: a) Normalized spectrum of the sun (blue color) and the tungsten lamps (red 
color) measured using the HRS-VIS-025 spectrometer showing a mismatch in 
the UV and IR regions; b) the setup configuration used to correct Tungsten 
lamps spectrum; c) view of the low-cost Tungsten lamp setup while the system 
is illuminated. 

Photovoltaic Cells 

To “test-drive” the new light source setup, a series of tests on both organic and 
silicon-based photovoltaic cells were performed. Small surface mount silicon 
solar cells (Clare CPC1822) with an active area of 4 mm x 5 mm, and with Voc = 

4.2 V and Isc = 50 A were purchased [76]. The Si-PSCs were mounted onto a 
flexible substrate and thereafter wire bonded for easy probing. The fabrication 
steps of the PSCs have been described in detail elsewhere [19], therefore only a 
brief description of the process is given below.  

Indium tin oxide (ITO)-coated polyethylene terephthalate (PET) substrates were 
thoroughly cleaned in sodium hydroxide (NaOH), acetone, 2-propanol and 
deionized water. Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (H. C. 
Starck, PEDOT:PSS,) were thereafter spin coated onto the substrate at 2000 
rpm. The coated substrates were then transferred onto a hotplate and dried at 
110 oC in air for 15 min. The active polymer solution consisting of a blend of 10 
mg/ml of poly(3-hexylthiophene) (P3HT, Ricke-Metals) and 8 mg/ml of phenyl-
C61-butyric acid methyl ester (PCBM, Nano-C) in chlorobenze (anyhydrous, 
Sigma-Aldrich) was subsequently spin-casted at 700 rpm in air on top of the 
PEDOT:PSS layer. The samples were then covered with a petri-dish and allowed 
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to dry for 20 min. Finally, the cathode contacts were fabricated via thermal 
evaporation of 100 nm of aluminum in a Tungsten filament (see Figure 27). For 
good film quality, physical vapor deposition of Al was performed at a base 
pressure of 0.2 µTorr, and an evaporation rate of 0.3 Ǻ/s for the first 5 nm and 
1.5 Ǻ/s afterwards. The active area was outlined by a shadow mask of ~9 mm2. 

 

 

Figure 27: a) Schematic of the organic photovoltaic devices with aluminium cathode, and 
b) actual fabricated PSCs 

 

Light Source Characterization 

Characterization of the light source was performed through the Mightex 
spectrometer described in the previous section. The initial Tungsten spectrum 
centered at 650 nm. The spectrum showed a shift of ~100 nm toward the blue 
region after incorporating the daylight filter (orange curve in Figure 3a); 
wavelengths above 700 nm were not affected by the daylight filter, and therefore, 
a FM 01 hot mirror was needed to attenuate the unwanted NIR band (green 
curve in Figure 28a).  

A direct comparison between the proposed light source with and without filters 
and the solar spectrum is presented in Figure 28b. It should be noted that 
Tungsten lamps are depleted in UV and blue wavelengths and consequently a 
complete match between the solar spectrum and tungsten lamps is not feasible. 
However, the excess of radiation at wavelength above 550 nm can always be 
corrected using additional filters such as FM-02 and are currently under 
investigation. 
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Figure 28: Normalized collected spectrum using the HRS-VIS-025 spectrometer showing a) the 
gradual shift of the Tungsten spectrum after each filter, and b) a direct comparison 
between the measured solar spectrum, and the unfiltered and filtered light source. 
Color legend of the spectrum: (blue) measured sun spectrum, (red) Tungsten light, 
(orange) Tungsten after daylight filter, and (green) Tungsten after daylight and hot 
mirror filters. 

 

The MSE following each stage of filtering is reported in Table 2. It is shown that a 
better approximation of the solar spectrum is realized after the addition of the 
daylight filter with the hot mirror. 

Table 2: MSE of the Tungsten lamp without and with the daylight filter and IR filter. 

 Tungsten Daylight 
Filter 

Daylight + IR 
filter 

MSE 0.741 0.487 0.341 

 

This improvement of the spectrum has, however, been achieved at the expense 
of the amount of the total irradiance reaching the PSC cells. The light source 
setup had an initial output power of 3.5 SU [54], which was decreased to 0.2 SU 
after the addition of the filters. While it is more challenging to recreate the solar 
spectrum using commercially available lamps, the total output irradiance on the 
other hand can easily be corrected by either using additional or more powerful 
lamps.  

An important aspect of a light source test setup is the uniformity of its beam 
which avoids shading effects that cause some cells to act as resistors rather than 
power generators. The filtered light source configuration offers a non-uniformity 
below 10% over an area of approximately 5 x 5 cm2 (see Figure 29) making it a 
Class C solar simulator [67] in terms of uniformity. It should be noted that this 
area is sufficient for testing most laboratory-made solar cells.  
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Temporal stability of the beam was also assessed, and it showed instability of 
less than 3% after 1 min and less than 6% after 60 min.  

 

 

Figure 29: a) 3D and b) top view of the beam intensity of the Tungsten lamp setup, and c) 
the non-uniformity map of the filtered setup. 

Photovoltaic Characterization 

Once the light source was shown to meet the basic requirements, 
characterizations of Si and organic photovoltaics were performed. The PSC 
samples were irradiated using the filtered Tungsten setup at 0.2 SU, and the I-V 
response was recorded via the Labview controlled source-meter (Keithley 2400). 
First, to assess the capabilities of the light source to generate satisfactory I-V 
curves of commercially available silicon solar cells, the I-V curves of the Clare 
CPC1822 silicon solar cells were obtained through the low-cost light source, and 
the results were compared to datasheets provided by Clare [76]. Results for 
these Si-PSC cells under unfiltered Tungsten light at different intensities are 
shown in Figure 30a, while for filtered light, the I-V curves, under full illumination 
and in the dark, are shown in Figure 30b. 

 

Figure 30: Two-terminals I-V measurements of a Si-PSC under an a) unfiltered and b) 
filtered Tungsten light. 
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A drastic change in the Isc is clearly noticeable when comparing both 
illuminations. The photogenerated current of the PSC being illuminated by the 
filtered light at 0.2 SU (Figure 30b) is twice that of the current by the unfiltered 
light at 0.3 SU (Figure 5a). This behavior is observed because a significant 
proportion 0.3 SU unfiltered Tungsten light includes photon in the infrared range, 
which are below the silicon PSC band gap, and hence not collected.  

 

Turning now to the PSCs, I-V curves were measured under the filtered light and 
under solar illumination as depicted in Figure 6. PSCs with fairly high series 
resistance have been reported which is attributed to the cathode contacts [54] 
and [77]. 

 

Figure 31: Two-terminal I-V measurements of an PSC under a) solar illumination of 1 SU 
(blue) and b) under the 0.2 SU filtered Tungsten light (green). Insets show the 
scaling factors. 

Table 3: Characteristics of a PSC of with active area of 9 mm
2
 under direct sunlight 

compared with our low-cost lighting setup. 

 

Contrary to the Si-SCs, the Voc of organic solar cells show a strong dependency 
on the incident power [78] and consequently a direct comparison between both 
measurements cannot be performed. On the other hand, the fill factor is similar 
for both measurements, while the efficiency shows a ratio factor of 3.4 (see Table 
4). The latter factor is currently under investigation to assess its accuracy over a 
large number of tests. Even though the proposed setup underestimates the 
performance of the PSC cells, it remains a reliable way of testing PSCs.  

 

 Voc (V) Jsc (mA/cm
2
) F.F (%) EFF (%) 

Sun light (1 SU) 0.550 5.41 44.3 1.32 

Proposed setup (0.2 SU) 0.250 0.97 43.99 0.39 
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Summary 
 
It has been presented a simple and effective method of fabricating a light source 
with controlled irradiance using commercially available materials. Tests under 
laboratory conditions showed repeatable and consistent first order 
characterizations of inorganic and organic solar cells. This light source has been 
shown to be a suitable alternative to the high cost test setups used for 
photovoltaic cell testing. While it is not a complete replacement for standard solar 
simulators, it can be used as a convenient first order approximation of PSC cell 
performance. This is particularly useful for early prototype cells when the 
researcher or application development engineer is concerned with determining 
that the device works under known conditions, and a measurement of exact 
power conversion efficiency is not required. Further improvement to the setup 
such as an irradiance of 1 SU can be achieved by using more specific hot mirrors 
such as FM02 and are currently under investigation.  
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