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A B S T R A C T   

Supercapacitors, as an energy storage device, have shown great potential as a tool to help solve today’s energy 
problems. There are currently three types of supercapacitors: electrochemical double layer, pseudocapacitors and 
hybrid supercapacitors. They have aroused great interest due to their high-power density, fast charging and 
discharging and good cyclic behaviour, and nowadays, it is necessary to continue their study in order to extend 
their capabilities. This work proposes a design and fabrication method for supercapacitors with a materials guide 
that, firstly, guides researchers in the development of supercapacitors and, secondly, proposes an improvement of 
the current supercapacitor design to ensure parallelism of the collectors, avoid corrosive processes of the col
lectors using graphite and avoid pad breakage. All this is carried out with 3D design and additive manufacturing 
or 3D printing technologies, which means a reproducible solution with low available resources. In addition, the 
model proposed here avoids the breakage of the pads that act as electrodes by designing an intermediate body 
that prevents the Swagelok® cell thread from being consumed.   

1. Introduction 

Global energy consumption is steadily increasing, driven both by the 
socio-economic growth of nations and by the increase in the world’s 
population, which will reach 9.1 billion in 2050 [1]. Part of the energy 
demand comes from fossil fuels, which produce 80 % of the world’s 
primary energy and whose abundant global reserves will continue to be 
used for many years to come. However, there is a limit to environmental 
protection and care in the face of the threat of global warming [2], 
which is caused by greenhouse gases generated during the use of these 
fuels in the energy production process. For this reason, there is a 
worldwide declaration of interest in limiting them, such as the European 
Commission’s 20/20/20 Plan, whose objectives are to reduce green
house gas emissions from the combustion of fossil fuels by 20 % [3]. 

One possible solution to the major environmental problem associ
ated with energy production would be to implement the use of clean and 
renewable energies. Generally speaking, electrical energy can be easily 
generated, transported and transformed, but it presents the difficulty of 
storing it in large quantities. In addition, the problem facing the use of 

renewable energies is that they are highly dependent on various climatic 
factors, so that their energy production efficiency may suffer disconti
nuities and may not be sufficient to meet society’s energy needs. For this 
reason, it is of great importance to research and develop energy storage 
devices that allow a balance between energy demand, generation from 
renewable sources and increasing storage capacity to ensure electricity 
consumption [4,5] (Fig. 1). 

Based on the above, the objective of this work is to investigate the 
improvement of existing technologies that favour more efficient energy 
storage. Within the diversity of existing energy storage systems (batte
ries, fuel cells, capacitors and supercapacitors), the design, study and 
improvement of supercapacitors are of great interest [6]. 

The construction of better energy storage devices is not only based on 
the material properties of electrodes and electrolytes, but also depends 
significantly on the configuration of the devices [7–9]. 

Therefore, a methodology is proposed that improves the character
isation process of the materials used in the manufacture of the elec
trodes, selecting which of them could be the most suitable for their 
manufacture. In this way, an optimisation of the material used and 
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studied is achieved, and the results obtained are improved. 
In addition, a possible solution to one of the most common problems 

during the assembly of a Swagelok® cell is indicated, which is the 
breakage of the activated carbon discs (electrodes) due to the fact that 
there is no system to stop the number of turns that can be made when 
screwing the moving parts of the device, which often causes the frag
mentation of the activated carbon discs due to the overpressure that they 
are subjected to. This problem invalidates the test carried out, and 
makes it necessary to carry out the device preparation procedure again. 
Therefore, by means of computerised design, the creation of a new in
termediate body with an optimal height to limit the thread and thus 
avoid the breakage of the electrodes is proposed. Subsequently, the 
design of each of the parts that make up this new cell is described. 

In this way, the work gathers the necessary information to facilitate 
the learning process for the manufacture of supercapacitors, as well as 
their validation. In addition, it proposes a new mechanical design of the 
components that form it, and provides the tools to characterise the 
electrodes, achieving a reproducible and improved design of 
supercapacitors. 

2. Materials and method 

2.1. Methodology 

3D design applied to the improvement of energy storage systems 
opens a new avenue of research in the improvement and manufacture of 
this type of system. To do this, firstly, we will develop a new design with 
Autodesk Inventor® that includes both improvements to existing de
signs and new improvements. 

Secondly, we will proceed to the fused deposition modelling process 
(3D printing) which will be the method for manufacturing the designs 
made with Autodesk Inventor®. 

To make the supercapacitor proposed in this study, the following 
software and equipment have been used to manufacture the body of the 
supercapacitor formed by the collectors and the Swagelok® cell, 
regardless of the material used to make the rest of the components such 
as the electrodes, separator, and electrolyte (Fig. 2).  

➢ Equipment:  
o Ender 3 pro 3D printer. Low cost FDM printer [10].  
o Autolab PGSTAT204. The potentiostat allows the possibility of 

controlling and measuring the potential of the cell, detecting 
changes in its resistance, and varying the intensity of the current 
administered to the system, keeping the potential difference con
stant. It is an application of Ohm’s law [11].  

➢ Software: 
o Ultimaker Cura. Application designed for 3D printers, which al

lows to modify printing parameters and transform the modified 
file to G-code [12].  

o Autodesk Inventor. Autodesk Inventor is a 3D parametric solid 
modelling package produced by the software company Autodesk 
[13]. It competes with other computer-aided design software such as 
SolidWorks, Pro/ENGINEER, CATIA and Solid Edge. Autodesk In
ventor is based on parametric modelling techniques. Users begin by 
designing parts that can be combined into assemblies. By correcting 

Fig. 1. Increase in CO2 emissions. The graph shows the global CO2 emissions from 1995 to 2020, where we can clearly see the increase of these emissions every year 
in a linear way [45]. 

Fig. 2. Main elements of a supercapacitor excluding the body that supports the 
other elements shown (connectors, electrodes and separator). 
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parts and assemblies, several variants can be obtained [14]. Inventor 
uses specific file formats for parts (.IPT), assemblies (.IAM), drawing 
view (.IDW and .DWG) and presentations (IPN). The latest versions 
of Inventor include numerous enhancements such as Shape Manager, 
tools for creating plastic parts and their respective injection moulds, 
finite element stress analysis and dynamic analysis, creation and 
analysis of structures, piping, and wiring, iPart, iAssembly, iMates, 
iCopy, iLogic etc. technologies.  

o Autocad. Computer-aided design software 3D printing [15].  

o NOVA software. It allows different types of electrochemical analysis 
using a Potentiostat/Galvanostat. In this work, its use is mainly 
proposed to perform analysis using the cyclic vontammetry tech
nique and charge-discharge analysis of the supercapacitor. 

Additive manufacturing processes all start from a 3D computer- 
designed model, usually with an STL (STereo Lithography) extension. 
This file can also be extracted from a 3D scanner, which favours the 
reproduction of parts. The STL file contains the geometric information of 
the part represented in a simple mesh. This file is then “sliced” into 
discrete 2D layers for printing. 

Different technologies are available on the market to produce a part 
by 3D printing. In this study we will follow the classification offered by 
the ASTM (American Society for testing and Materials) and we will 
separate the different technologies into 7 different typologies as shown 
in Table 1 [16]. 

In our work we will focus on the printing system based on the 
extrusion of the material through a nozzle. 

2.2. Supercapacitors, electrochemical capacitors, or double layer 
capacitors (EDLCs) 

Supercapacitors are devices for storing electrical energy in the form 
of electrostatic charges confined in small devices, consisting of pairs of 
conductive plates separated by a dielectric medium. 

This technological leap towards supercapacitors comes from some
thing as simple as increasing the specific surface area of the electrodes 
and bringing the charges of opposite sign closer to molecular size. By 
using materials with a high specific surface area, such as activated 
carbons, it is possible to obtain 100,000 times higher specific surface 
area values than with a smooth material with a much lower weight per 
area. Capacitances around 1 million times higher than those of a con
ventional capacitor of similar size and weight can be achieved. 

Their construction is like that of batteries, where there are two 
electrodes immersed in an electrolyte. The two electrodes are separated 
by a semi-permeable material that prevents a short-circuit between the 
electrodes but allows ions from the electrolyte material to pass through. 
When a potential difference is applied, a charge density gradient is 
created between the plates and the ions migrate towards the electrode 

surface and adsorb on the interfacial region. In such a device, each 
electrode-electrolyte interface represents a capacitor, so that the com
plete cell can be considered as two capacitors in series (Fig. 3) [17]. 

Supercapacitors are characterised by the fact that they can be 
charged and discharged in very short periods of time, in the order of a 
second or even less, which makes them particularly suitable for peak 
power requirements or short-term power interruptions. This is because 
the charge storage is purely electrostatic. 

The term supercapacitor encompasses different types depending on 
the type of electrode used, operating principle or design. There are many 
classifications, but one of the most widely accepted encompasses 3 types 
of supercapacitors: EDLCs (Electrochemical Double Layer Capacitors), 
pseudocapacitors and hybrid supercapacitors [18]. 

Fig. 4 shows the equivalent circuit. 
This scheme consists of a capacitor (C), a parallel leakage resistor 

(Rp), which models the energy loss due to self-discharge of the capac
itor; an Equivalent Series Resistor (ESR) (RS), which models its losses in 
the charging and discharging processes; and a series coil (L) which 
completes the dynamic model of the capacitor. In a supercapacitor Rp is 
always much higher than Rs. 

For the development of this work, we are going to use a Swagelok® 
type electrochemical cell in a two-electrode configuration, whose 
scheme is shown in Fig. 5. 

The capacitance can be found in the same way as for a conventional 
capacitor, Eq. (1). 

Table 1 
Categories of additive manufacturing as defined by the ASMT [16].  

Category Description 

Binder jetting A bonding agent is selectively deposited to bind the 
powder 

Material jetting Small particles of material are deposited in a selective 
manner 

Powder bed fusión Energy source selectively melts regions of powdered 
material 

Directed energy deposition An energy source melts the material as it is deposited 
Sheet lamination Different layers of material are deposited in a molten 

state 
Vat 

photopolimerymerization 
A liquid photopolymer is cured by a light bulb 

Material extrusion A material is selectively dispensed and disposed on a 
surface through an injector  

Fig. 3. Schematic of a charged double-layer capacitor (EDLC) (own elabora
tion) [46]. 

Fig. 4. Electric circuit equivalent to a supercapacitor.  
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C =
q
V
=
q
q⋅d
ε⋅A

=
ε⋅A
d

(1)  

where:q: ratio of the maximum charge that can be stored in a capacitor 
to the maximum charge that can be stored in a capacitor.V: voltage 
applied across its plates.ε: dielectric material constant.A: area of the 
plates.d: separation distance. 

The energy and maximum power of supercapacitors are obtained 
from the following Eqs. (2) and (3) respectively: 

W =
1
2
⋅C⋅V2 (2)  

Pmax =
W2

td
(3)  

where:V: nominal potential.td: time taken for the discharge of the 
supercapacitor.  

➢ EDLSs: electrical double layer capacitors 

In this type of supercapacitor, the energy is stored through the for
mation of a double layer at the electrolyte/electrode interface. 

Therefore, the supercapacitor consists of two capacitors in series, 
each of them forming at the electrolyte/electrode interface. 

If we denote the capacitance of these two capacitors as C1 and C2, the 
capacitance of the supercapacitor, C, will be [18]: 

1
C
=

1
C1

+
1
C2

(4) 

The EDLC mechanism requires electrodes made of high specific 
surface area materials, which increase the charge accumulation capac
ity, and a convenient pore structure that allows rapid movement of the 

electrolyte ions, which is achieved by constructing the electrodes with 
carbonaceous materials.  

➢ Pseudocapacitive supercapacitors 

In the case of pseudocapacitors, energy is stored through reversible 
oxidation-reduction (redox) reactions, which involve the transfer of 
electrons associated with reversible changes in the oxidation state of one 
of the atoms or molecules that constitute the active electrode material. 
These faradaic-type redox reactions result in the accumulation of elec
trical charge in a manner like that occurring in a battery [18,19]. 

The capacities associated with a pseudocapacitive mechanism can be 
up to 10 times higher than the capacities due to a double layer mecha
nism because in addition to the formation of the electrical double layer, 
the development of redox reactions, whose rate of charge transfer is 
dependent on the operating voltage of the system, contributes positively 
to the energy storage. This phenomenon is known as pseudocapacitance 
[20]. 

The origin of these pseudocapacitive contributions can be the pres
ence of active functional groups on the surface of the electrode material 
[21], the nature of the material itself which, as in the case of transition 
metal oxides [22] or conductive polymers [23] undergo redox reactions 
under the working conditions of the system, or the development of 
hydrogen electroadsorption and/or ionic intercalation processes at the 
electrodes [24].  

➢ Hybrid supercapacitors 

Hybrid supercapacitors seek to harness the advantages of EDLCs and 
pseudocapacitors and minimise their disadvantages to obtain better 
performance by pairing two different electrodes with different charge 
storage mechanisms to deliver high energy without sacrificing power 

Fig. 5. Schematic diagram of an electrochemical cell in two-electrode configuration (own elaboration).  

Fig. 6. Manufacturing process of the supercapacitor prototype and parallelism check. Image A) shows the pre-design of a collector in Inventor; Image B) shows the 
3D printer with the g-code file to be executed; Image C) shows the collector with a tinted face; Image D) shows the result of the connectors attached to the Swa
gelok® cell. 
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output [25]. 
In these supercapacitors, the energy mechanisms presented by each 

of the electrodes that make up the device are of a different nature [26]. 
One electrode acts as a support for the redox reactions, presenting a 
battery-type electrochemical behaviour, while the other presents a 
capacitive-type storage mechanism (capacitor-type electrode) [27]. 

The charge storage capacity of the capacitor electrode limits the 
energy stored in the system, and thus the cell capacity (C) and/or the 
specific electrode capacity (Cel) [26]. 

3. Results and discussion 

3.1. Design and printing of connectors 

Firstly, some PLA connectors were designed and printed to check the 
assembly and parallelism of these connectors inside the Swagelok® cell 
in a simple, quick, and economical way. 

In this way, if one side of the connector is dyed and when the con
nectors are assembled inside the Swagelok® cell, the entire side of the 
other connector is uniformly dyed, the parallelism is correct (Fig. 6). 

After checking that the parallelism was correct and that the number 
of contact points between the two connectors is high, it was necessary to 
model and machine a connector from a material that would not undergo 
aggressive oxidation processes or galvanic couples. For this reason, and 
after carrying out tests on copper, which gave poor results, it was 
decided to manufacture in graphite (Fig. 7). 

3.2. Electrode fabrication and electrolyte selection 

Electrode materials can be classified into three main groups [28]:  

➢ Carbon materials  
➢ Conductive polymers  
➢ Metal oxides 

In order to make the right choice of starting materials for the 
manufacture of electrodes, a characterisation is proposed that includes:  

➢ Textural characterisation by N2 adsorption at 77 K and mercury 
porosimetry using an Autosorb-1, Quantachrome and an Autoscan- 
60 respectively. The 77 K N2 adsorption technique allows the 
determination of the specific surface area and the volume of 

micropores and narrow mesopores, while mercury porosimetry de
termines the volume of wide mesopores and macropores.  

➢ Determination of electrical conductivity using the device developed 
and patented by the Materials Engineering research group of the 
University of Extremadura entitled “Electrical conductivity 
measuring equipment for powdery materials”, which can be found 
on the website of the Spanish Patent and Trademark Office with 
application number “P202130647” (Fig. 8). 

In this work we will focus mainly on the use of carbon materials, due 
to their high capacity to make use of waste and therefore to recycle 
materials. 

3.2.1. Manufacturing carbon materials from recycled material 
The use of techniques and equipment to produce activated carbon 

from waste products (cherry stones, coffee endocarp, chestnut wood 
residues, vine shoots, olive wood, chestnut shells, etc.) has been exten
sively studied and the results shown in the articles are that the activated 
carbon obtained has multiple uses. 

In recent years, adsorption systems involving activated carbon have 
gained importance in purification and separation processes on an in
dustrial scale. The characteristics of activated carbon depend on the 
physical and chemical properties of the precursor, as well as on the 
method of activation [29]. 

There are two methods for preparing activated carbons:  

➢ Physical activation. Comprising two steps: a carbonisation step and 
an activation step. 

➢ Chemical activation. A raw material is impregnated with an acti
vating reagent and the impregnated material is heated in an inert 
atmosphere. In the literature, several studies using ZnCL2 [30], they 
achieve a maximisation of the adsorption capacity and bulk density 

Fig. 7. Autocad drawing of the connector made of graphite so that it can be 
manufactured in any company or parts machining laboratory. 

Fig. 8. Electrical conductivity measuring equipment for powdery, carbona
ceous, or granular materials (P202130647). It allows the electrical conductivity 
of powdery materials to be measured under certain conditions of applied hu
midity and pressure. Subsequently, by means of an algorithm, it can predict the 
conductivity of the material to be studied under other pressures or, in other 
words, under other particle separation distances. 
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of activated carbons produced from cellulosic and lignocellulosic 
materials. However, more work is found where phosphoric acid is 
used due to the corrosion problems, inefficient chemical recovery 
and environmental disadvantages associated with zinc chloride [31]. 
This reagent induces important changes in the pyrolytic decompo
sition of the lignocellulosic materials, promoting depolymerisation, 
dehydration and redistribution of the constituent biopolymers [32], 
favouring the conversion of aliphatic to aromatic compounds at 
lower temperatures than heating in the absence of additive, thus 
increasing the yield. 

The advantage of chemical activation over physical activation is that 
it is carried out in a single step and at relatively low temperatures. 
Typically, ≤500 ◦C for wood activation with phosphoric acid [33] and 
between 600 and 700 ◦C for the activation of lignocellulosic materials 
impregnated with ZnCl2 [34]. 

However, the most important disadvantage of chemical activation is 
the incorporation of impurities from the activating agent. 

3.2.2. Electrode preparation 
The proposed method of preparing the electrodes consists of:  

➢ Grind the materials to be used and prepare a mixture of the starting 
material with polytetrafluoroethylene and ethanol and, using a 
heated magnetic plate, mix and heat until the ethanol evaporates. 

➢ The resulting paste is stretched and moulded to the desired di
mensions on a glass plate with controlled addition of stanol until a 
homogeneous stretched mass of material is obtained (Fig. 9A).  

➢ Then, after checking that the stretched mass has no pores, we obtain 
the circular electrodes by means of a 7 mm punch. The electrodes 
obtained are placed between two sample holders and placed in an 
oven at 100 ◦C for 12 h (Fig. 9B). 

On the other hand, the selection of the separator and electrolyte is 
necessary to manufacture a supercapacitor [18], because the perfor
mance of a supercapacitor is affected by both the materials of the elec
trodes and the electrolytes used. The electrochemical stability of the 
electrolytes is critical in determining the operating voltage and lifetime 
of supercapacitors. In aqueous supercapacitors with Zn film electrodes, 

Fig. 9. A) Homogeneous stretched mass of material. It is critical that there are no pores/cavities or significant evidence of different thicknesses in the mass, resulting 
in poor homogeneity. B) Electrodes resulting from the proposed method for preparing electrodes. A good result of shape and homogeneity is observed. 

Fig. 10. A) Autodesk Inventor design of the intermediate body perimeter. B) Distance to be measured in the tests to adjust the body to ensure the integrity of the 
electrodes inside the body. C) Virtual mock-up of the Swagelok® cell designed with all the elements that make up the supercapacitor body. D) Swagelok® cell 
developed in this work that reduces the chances of electrode breakage due to overpressure caused by poor fit of the collectors inside the supercapacitor body. 
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strong alkaline electrolytes, such as KOH solution, are not suitable due to 
the formation of ZnO, which is detrimental to the cyclability of the cell. 
Meanwhile, strongly acidic electrolytes, such as H2SO4, can react with 
the Zn metal to generate H2 [35].  

➢ Separator: Usually a membrane made of an inert, porous material 
that allows the movement of the electrolyte ions and prevents con
tact between the two electrodes.  

➢ Electrolyte: A liquid that provides ions to form the electrochemical 
double layer so that energy can be stored and released. In some cases, 
the ions in the electrolyte can interact with the electrode surface 
through redox reactions. This mechanism of energy accumulation 
and release is called a pseudocapacitive mechanism.  
o Aqueous electrolyte: They have a high ionic conductivity, in the 

order of 1 S/cm, and a low working voltage. [36]. 
o Organic electrolytes: These are composed of organic salts dis

solved in organic solvents. The ionic conductivity is of the order of 
0.1 S/cm [37] and they can reach a working voltage of 2.5–2.7 V, 
which allows the energy density to be increased. Their capacity is 
due to a double layer mechanism.  

o Ionic liquid type electrolyte: These are organic salts that are 
molten at room temperature and therefore do not have a solvent. 
The ionic conductivity is low, in the order of 0.001 S/cm and a 
working voltage can reach 3.5 V which increases the charge den
sity. The capacity of these electrolytes is mainly due to a double 
layer mechanism. 

3.3. Virtual design of the Swagelok® cell and assembly of the 
supercapacitor 

One of the most common problems with the assembly of the Swa
gelok® cell is the breakage of the activated carbon discs (electrodes), 
due to the fact that there is no system to stop the number of turns that 
can be made when threading the moving parts of the device, which often 
causes the carbon discs to fragment due to the overpressure supported 
by an excess of thread, thus rendering the test invalid and causing the 
whole procedure to be repeated, resulting in a great loss of time. 

The design of the Swagelok® cell using parametric drawing software 
allows different solutions to be tested virtually, saving the manufacture 
of parts that do not prove to be valid in the end. To obtain a virtual 
model of the Swagelok® cell using Autodesk Inventor, the following 
methodology has been devised:  

➢ Create a project in Autodesk Inventor®, so that all the elements 
created are stored in the same directory.  

➢ Take the original Swagelok® cell and make a sketch of all its 
measurements.  

➢ The Swagelok® cell is made up of the following elements: 2 current 
collectors (originally made of steel, although in this work it is pro
posed to make it out of graphite), 1 intermediate body, 2 threaded 
elements, 2 self-locking washers and 2 gaskets to prevent the fluid 
from escaping from the cell (Fig. 10C). 

To solve the problem of electrode placement, a new intermediate 
body was designed to limit the thread and avoid breakage of the acti
vated carbon tablets due to over-threading of the device. For this pur
pose, an intermediate body was designed with an optimum height that 
never allows the thread to be used up until the entire thread is 
consumed. 

To determine this height (Fig. 10B), it was necessary to use a caliper 
gauge to measure the distance between the bottom face of the element 
being threaded into the intermediate body and the top face of the hex
agonal washer of the intermediate body. Tests where the distance that 
prevented breakage of the carbon electrode was considered valid, while 

Table 2 
Measurements made in the tests.  

Assay Distance (mm) Pad breakage 

1 1.9 No 
2 1.5 Yes 
3 2 No 
4 2.1 No 
5 2.2 No 
6 1.4 Yes 
Mean 2.05  

Fig. 11. A) Fixed body of the new electrochemical cell and cross-section of the cell. B) New mobile threaded manifold. C) System locking device. D) Exploded system 
detailing the position of the electrodes in black and the separator in white. 
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the distance that resulted in breakage was invalidated. 
Table 2 shows the distance measurements obtained in the tests. 
Taking the arithmetic mean of the valid distances we obtain a dis

tance of 2.05 mm, therefore, it is considered that the optimum height of 
the perimeter of the new intermediate body will be 2 mm. Finally, a new 
intermediate body is designed with Autodesk Inventor software. 

Finally, we obtain a new intermediate body for the Swagelok® cell, 
which will be manufactured and tested to verify that it meets our 
expectations. 

Once the improvements to the Swagelok® cell were established and 
designed (process shown in Fig. 10A and D), the new supercapacitor was 
designed. For this purpose, each of the parts that make up this new cell is 
described. 

Firstly, the novelty is described, which breaks with the Swagelok® 
cell design of an intermediate body with two threaded parts and inter
changeable electrodes by a new design that has a fixed body to which 
one of the current collectors is integrated without the possibility of 
removing one of the current collectors. This part is illustrated in the 
Fig. 11A. 

These figures show how the current collector, and the activated 
carbon tablet tank are integrated, simplifying the task of inserting the 
tablets. 

The Fig. 11B shows the mobile current collector, which has been 
considered as such for a fundamental reason with respect to the design of 

the Swagelok® cell, and that is that the collector itself now has a thread 
on its contour, which allows the materials inside the cell to fit perfectly 
without being able to fracture when pressure is exerted. It is essential 
that there is perfect contact between the current collectors and the 
materials, as justified by many authors in their articles, in which they 
incorporate springs in the cell so that the collectors exert the necessary 
pressure. 

The last element that makes up this new cell design is the locking 
device of the system, which has two threads, a first one to allow 
adjusting the pressure of the current collector and a second one that 
allows threading into the body of the cell for its closure (Fig. 11C). 

Finally, the Fig. 11D of the result of the cell designed with Autodesk 
Inventor is shown. Also, Fig. 12 shows the final result of the body insert 
in the newly designed Swagelok® cell. 

For the fabrication of all the designs shown, different manufacturing 
methodologies and processes have been used. The fabrication method 
used to materialise the designed supercapacitor is fused deposition 
modelling. 

An ender 3 Pro® 3D printer has been used to manufacture the new 
Swagelok® intermediate cell body. 

3.4. Final evaluation of the supercapacitor. Electrochemical tests 

In order to analyse the results obtained from the supercapacitors 

Fig. 12. Final result of the body inserted in the newly designed Swagelok® cell. An improvement in the design for the manufacture of supercapacitors is achieved by 
ensuring parallelism and the correct connection of the elements that make up the supercapacitor without jeopardising its structural integrity. 

Fig. 13. An example of a cyclic voltammetry test with the graphite collectors.  
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manufactured by means of the methodology proposed in this work, a 
series of tests are proposed to be carried out with a Potentiostat/Gal
vanostat (Autolab PGSTAT204). The main tests proposed are cyclic 
voltammetry and galvanostatic charge-discharge:  

➢ Cyclic voltammetry: 

It is one of the most important techniques in the field of electro
chemistry (Fig. 13). It is based on the application of an electric potential 
perturbation in the form of a linear variation as a function of time and 
the recording of the response current. In order to avoid unwanted re
actions in the electrolyte, the current potential range is limited between 
two preset values (E0 and Ef). In addition, it is also possible to adjust the 
voltage variation per unit time (sV/dt) [38,39]. 

The potentiostat-galvanostat applies a potential (E) and receives the 
signal of the current intensity (I), whose graph (result of the study) is 
called voltammogram. 

Fig. 14A shows four graphs: the first one corresponds to an ideal 
capacitor (which does not exist in reality), the second one corresponds to 
a capacitor with resistance that is far from ideal. Finally, the red graph 
corresponds to a carbon capacitor where the electrolyte is decomposed, 
with peaks (point 4) due to the redox reactions and the formation of the 
electrical double layer. 

By means of this test, we can determine whether the behaviour of the 
electrode is reversible in the potential range studied, which is calculated 
by means of the Coulombic efficiency (μ). 

In capacitive materials, the criterion used to consider whether the 
process is reversible is defined by a coulombic efficiency higher than 95 
%. 

μ(%) =
QC
Qa

⋅100
)

(5)  

where Qc and Qa correspond to the accumulated charge during the 
cathodic and anodic sweeps respectively. 

The accumulated charge can be calculated from the sweep speed in 
cyclic voltammetry (s), the current recorded on the potentiostat during 
voltammetry (I) and the potential limits (E0 and Ef). 

Q(C) =
∫

C⋅dV =
1
S

⋅
∫ Ef

E0
I⋅dV (6) 

The capacitance of an electrode in farads is calculated by Eq. (7): 

C(F) =
∫ Ef
E0 I⋅dV
S⋅ΔV

(7)  

where △V is the range of potential in which you work (Ef – E0). 
To calculate the specific capacitance (Cma) simply divide the elec

trode capacitance (C) by the grams of active electrode material (m). 

Cma
(
F⋅g− 1) =

C(F)
m

(8)    

➢ Galvanostatic charge-discharge 

The electrochemical technique of galvanostatic charging and dis
charging is based on the measurement of the potential of a system as a 
function of time, during the application of a constant current intensity 
(Fig. 14B). During the charging stage, a positive current is applied, while 
during the discharging stage, the sign of the current is changed, and a 
negative current is applied. The potentiostat measures the potential 
between the electrodes while the current is applied, resulting, in the case 
of a supercapacitor, in curves of potential (E) versus time (t). 

The main parameters for assessing the functionality of the super
capacitor are [40–44]: 

➢ Capacitance of the supercapacitor: The capacitance of the super
capacitor (Ccell) is obtained from the slope of the discharge curve. 

Ccell
(
Fg− 1) =

(
I(A)

slopedischarge(Vs− 1)⋅mtma

)

(9)  

where I is the current (A) applied in the discharge and mtma is the mass 
of the active material of the two electrodes (mtma = m+ + m-).  

➢ Capacitance of individual electrodes: A supercapacitor can be 
thought of as two capacitors connected in series. These capacitors are 
formed by the electrical double layer established between the elec
trode and the electrolyte ions. 

1
mtma⋅Ccell

=
1

m+⋅C+
+

1
m− ⋅C−

(10)  

where C+ and C- correspond to the capacitances (measured in Farads 
per gram) of the positive and negative electrode respectively.  

➢ Equivalent series resistance: The equivalent series resistance (ESR) of 
the supercapacitor is obtained by dividing the ohmic drop observed 
at the start of the discharge (△V) by the current variation to which it 
is subjected. Generally, the ESR is multiplied by the geometrical area 
of the electrode (A) to be expressed in Ω⋅cm2. 

Fig. 14. A) Examples of cyclic voltammetry in supercapacitors. B) Example of charge-discharge profile for a super capacitor.  
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ESR
(
Ω*cm2) =

ΔV
2⋅I

⋅A (11)    

➢ Actual specific energy: The actual specific energy (Ereal) is obtained 
from the applied discharge current (I) divided by the total mass of the 
active material (mtma), multiplied by the area under the discharge 
curve. 

Ereal
(
kW⋅kg− 1) =

I
mtma

⋅
∫ tf

ti
V⋅dt (12)    

➢ Maximum energy: The maximum energy (Emax) can be obtained 
assuming an ideal behaviour of the supercapacitor, in which there is 
no ohmic drop and no deviations in the discharge curve. 

Emax
(
kW⋅kg− 1) =

C⋅V2

4⋅ESR
(13)    

➢ Average power: The average power (Pmed) is calculated considering 
the actual energy, divided by the discharge time (td). 

PmED
(
kW⋅kg− 1) =

Ereal
td

(14)    

➢ Maximum power: In the same way as for maximum energy, a 
simplification is assumed to obtain the maximum power (Pmax): 

Pmax
(
kW⋅kg− 1) =

V2

4⋅ESR
(15)  

3.5. Testing the validity of the proposed model 

To validate the improved model, the results of a cyclic voltammetry 
test and a galvanostatic charge-discharge test on a supercapacitor are 
shown below, following the design and manufacturing guidelines for 
each of the elements that make up a supercapacitor. 

Among the most commonly used materials in the manufacture of 
electrodes for supercapacitors are carbon-based electrodes. 

To prove that the method proposed in this work is valid, the material 

PCO-1000C was used as an electrode material, a commercial activated 
carbon (supplied by GalaQuim) characterised by its porous structure, 
which leads to certain electrical conductivity properties, and natural 
gafite (supplied by Merck). 

The physical characterisation of the carbons was assessed by the 
electrical conductivity of the electrodes prepared from them. The elec
trical conductivity of the materials is a very important property to take 
into account, as it can determine the suitability of an activated carbon as 
an electrode in a supercapacitor. The higher the conductivity, the 
greater its contribution to reducing the equivalent resistance of the 
system, and thus helping to reduce the power output of the cell. 

The carbonaceous systems used to make the electrodes are shown in 
Table 3. 

Fig. 15 represents the cyclic voltammograms of all samples at a 
sweep rate of 0.005 V s− 1 using 1 M H2SO4 as the electrolyte for the four 
cells prepared. 

The PCO-1000C/Graphite carbon system showed a quasi-rectangular 
voltammogram, typical of electrochemical double layer capacitors 
(EDL), with low diffusional restriction to the electrolyte. 

Table 4 shows the values obtained by cyclic voltammetry. The 
coulombic efficiency was determined by the accumulated charge in the 
cathodic and anodic sweeps. The values obtained above 95 % indicate 
that the behaviour of the electrode is reversible. From the above table, it 
can be deduced that the sample has a high reversibility. 

The galvanostatic charging and discharging technique consists of 
applying a continuous and constant current during a certain time in
terval until the potential limit set for the charge is reached. The ions then 
migrate to the surface of the electrodes and are stored there, at which 
point the system is said to be charged. However, if at any given moment 
the applied current is reversed for a period of time, the system will 
discharge, releasing energy. The representation of the potential values 
versus time shows the process of charging and discharging the system. 
For an ideal capacitor, the curve obtained should be perfectly triangular. 

Fig. 16 plots the potential (V) versus time (t), and gives a linear 
response with a positive slope when charging the system, and a negative 
slope when discharging it. It is also observed that the supercapacitor 
shows an almost triangular shape, which again indicates that the 
example sample behaves almost like an ideal electrochemical double 
layer (EDL) with low resistance and good diffusion of the electrolyte 

Table 3 
Carbonaceous systems used for the manufacture of elec
trodes and their electrical conductivity. The material lis
ted first indicates that it is the major component of the 
mixture.  

Samples σ 
(Ω− 1⋅m1) 

PCO-1000C/graphite 123.00  

Fig. 15. Cyclic voltammetry in H2SO4 at 1 M at 0.005 V/s.  

Table 4 
Cyclic voltammetric properties of samples in 1 M H2SO4 at 0.005 V s− 1.  

Samples Total mass of 
electrodes (g) 

Cycle 
area (A- 
s) 

Specific 
capacity 
(F⋅g− 1) 

Coulombic 
efficiency μ (%) 

PCO- 
1000C/ 
graphite 

1121.10 0.367 0.402 0.628  
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inside the pores. 
In view of the results, a typical behaviour of electrochemical double 

layer (EDL) supercondensers is observed, validating the methodology 
proposed in this work. 

4. Conclusions 

The work presented here improves on the current state of the art. To 
this end, several conclusions have been reached:  

➢ The process carried out to measure the parallelism of the collectors 
and consequently the number of contact points allows not only to 
validate the design followed in this work, but also all the designs 
based on the use of a fixed body (Swagelok® cell) comprising two or 
more collectors, several electrodes, and a separator. 

➢ The collectors made of brass and copper were not valid as they suf
fered from aggressive oxidation processes and galvanic couples, so 
they could only be used a very limited number of times.  

➢ The collectors made of graphite proved to be very effective against 
aggressive oxidation processes and galvanic couples and even these 
collectors, by releasing small amounts of material when rubbed, 
allow the complete cleaning of the collector faces, which improves 
the lifetime of the collectors.  

➢ The design proposed for the creation of a new body to replace the 
traditional Swagelok® cell allows the thread to be limited and avoids 
breakage of the pads that act as electrodes, due to excessive 
threading of the device. To this end, an intermediate body was 
designed with an optimum height that never allows the thread to be 
used up until the entire thread is consumed. In addition, by inte
grating the current collector and the tank of the proposed design, the 
task of inserting the electrodes and their positioning is simplified. 
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