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One of the main European objectives is to promote the change of consumption towards renewable energies,
which have shown a remarkable worldwide growth, the problem lies in the fact that the technologies used, which
have been developed very rapidly during these years, do not have sufficiently advanced energy storage systems.

The main objectives of this study have been the design and manufacture of supercapacitors that do not suffer
corrosion processes and with higher performance.

To this end, supercapacitor connectors have been designed and machined with different materials in order to
find the one that best ensures the non-influence of corrosion processes and ensures correct parallelism. In
addition, different carbonaceous materials have been tested for the manufacture and subsequent textural,
chemical and morphological characterization of the different electrodes and, finally, charge/discharge and cyclic
voltammetry tests have been carried out to analyze which parameters are key for the manufacture and
improvement of the supercapacitors.

The results showed that the proposed supercapacitor manufacturing methodology is highly recommended to
avoid problems derived from poor assembly, reproducibility of results or problems due to the appearance of
galvanic couples. Moreover, the electrodes tested showed very interesting results, as demonstrated by the vol-
tammograms, the chronopotentiograms and the specific energy values, the latter showing that the capacitance
exerts a notable influence on the energy values, with the PCO1000C/Graphite and PCO1000C/rGO samples
showing the highest energy values.

1. Introduction

The high demand for electrical energy worldwide, together with the
energy dependence on oil and gases, has led to the search for new
sources of energy and energy storage. This aspect, together with the
environmental problems caused by the consumption of these fossil fuel
sources, has increased in recent years the research to exploit renewable
energy sources. All this makes it necessary to have energy storage sys-
tems that allow to obtain the maximum storage capacity and ensure
electricity consumption [1,2]. Batteries, fuel cells, capacitors and
supercapacitors are energy storage systems [3].

There are currently many studies showings significant progress in
some storage systems, such as the solid oxide fuel cell (SOFD), which has
high efficiency with zero emissions of carbides and sulfides, and dual
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graphite batteries [4-6]. The problem with these energy storage systems
stems from manufacturing difficulties, complications in transferring
these devices to the market and problems with performance and dura-
bility in industrial environments, resulting in a significant increase in
the final cost.

On the other hand, supercapacitors, also known as electrochemical
capacitors, are of great importance for the industry because they are a
real alternative to batteries due to the advantages they present [7,8]:

> High power output

> Stability after long cycles of use

> Instantaneous charge and discharge
> Reduced dimensions and weight
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In addition, the potential of supercapacitors is very broad as they can
store large amounts of energy above other technologies and present
multiple possible combinations for their manufacture, making them
technologically attractive for many applications and industries such as
telecommunications, vehicles or solar.

Supercapacitors are based on electrochemical processes and consist
of an electrolyte, two electrodes (anode and cathode) and a porous
separator that prevents electronic contact between the conductive ma-
terials [9,10]. The electrolyte must have high ionic conductivity and low
electrical conductivity so that electrons are forced to circulate around
the outside of the device, thus providing the desired energy. In the case
of electrodes the ionic and electronic conductivities must be high. The
materials used in electrodes are: carbon, transition metal oxides or
conductive polymers and the electrolytes can be organic or ionic liquid.

The carbonaceous materials used in the manufacture of super-
capacitors have large surface areas, high electrical conductivity, low
cost and high chemical stability [11]. These characteristics have been
found in materials such as graphene, graphite and activated carbons.

The objectives of this work are, on the one hand, to develop con-
nectors that do not suffer corrosion processes, maintain parallelism, a
greater number of contact points, between the connector and the elec-
trode. On the other hand, to fabricate electrodes of carbonaceous ma-
terials based on reduced graphene oxide, graphite and activated carbon
and to test them in supercapacitors.

2. Materials and methods

The materials used for the development of this work have been the
following:

> Commercial charcoal PCO1000C, supplied by GalaQuim.

> Natural graphite, supplied by Merck.

> Reduced graphene oxide (rGO), supplied by Abalonix.

> PVDF due to its remarkable electrical conductivity and ability to
agglomerate carbonaceous materials.

> Teflon, polytetrafluoroethylene as polymer binder.

These materials have been selected for the conductivity study, with
the aim of verifying how the results are affected depending on the
allotropic form of carbon and the number of aggregates formed ac-
cording to their structure.

To carry out this study it was necessary to model and machine a
connector from a material that does not suffer aggressive oxidation
processes or galvanic couples. For this reason, and after testing copper,
which gave poor results, we chose to manufacture in graphite (Figs. 1
and 2).

The starting materials were texturally characterized by Ny adsorp-
tion at 77 K and mercury porosimetry using an Autosorb-1, Quantach-
rome and an Autoscan-60, respectively. The 77 K Ny adsorption
technique allows determining the specific surface area and the volume
of micropores and narrow mesopores, while mercury porosimetry de-
termines the volume of wide mesopores and macropores.

Before performing the electrochemical tests, it is necessary to
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Fig. 1. Components of a supercapacitor.
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Fig. 2. Graphite connector.

prepare the electrodes and assemble the cells to be characterized
(Fig. 3).

The electrodes have been prepared from different allotropic forms of
carbon using reduced graphene oxide (rGO), graphite and commercial
activated carbon PCO1000C. As binding agents, PVDF has been used,
due to its remarkable electrical conductivity, in addition to polytetra-
fluoroethylene as a polymer binder. Both the sample components and
their proportions are shown in Table 1.

Once the proportions of the different materials that make up the
electrode were determined, the carbonaceous materials were ground in
an agate mortar. These ground materials are mixed with the polytetra-
fluoroethylene in a beaker and ethanol is added until the mixture is
covered. This mixture is heated 100 °C and at an appropriate rate (more
than 200 rpm) so that everything is properly mixed and the ethanol
evaporates (boiling pointa78.37 °C), until the mixture becomes a paste
and is brought to a glass surface. Using a pipette, ethanol is added to it in
small quantities and worked over the whole with a spatula until a ho-
mogeneous mass is obtained. Then, with a glass rolling pin, the dough is
kneaded until a thin, lump-free layer is obtained. Subsequently, with a 7
mm diameter punch, we obtain the circular electrodes. Finally, the
electrodes are placed between two sample holders and placed in an oven
at 100 °C for at least 12 h.

The manufactured electrodes were characterized by determining

N

Fig. 3. Electrodes after kneading and before baking.
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Table 1

Electrode composition.
Samples Coal Additive PTFE PVDF
PCO1000C / Graphite 80 % PCO1000C 5 % Graphite 5% 10 %
Graphite / PCO1000C 80 % Graphite 5 %PC0O1000C 5% 10 %
PC0O1000C / rGO 80 % PCO1000C 5 % rGO 5% 10 %
rGO / PCO1000C 80 % rGO 5 %PCO1000C 5% 10 %

their electrical conductivity. For this purpose, their electrical conduc-
tivity was determined using a hollow cylinder with two copper con-
nectors where the electrode was placed and incorporated into our
patented equipment (P202130647).

A 1 M solution of sulfuric acid was used as electrolyte.

A glass microfiber filter supplied by the company MFV2 was used as a
separator element because it is semi-permeable. This filter has been cut
to the size of the electrodes, ensuring that there is no contact between
them and with the function of allowing the ions to pass through.

To manufacture the collectors in this work, graphite collectors
(conductive material that withstands electrolyte corrosion well) have
been designed and produced in order to test the difference between the
charging and discharging speed of the supercapacitor.

The types of supercapacitor cell configurations can be three-
electrode and two-electrode. These cells support the rest of the super-
capacitor component inside. The three-electrode configuration is a
Swagelok® T-shaped cell (see Fig. 4). It has three electrodes formed by
the working electrode (WE), which is the object of study, the counter
electrode (CE), which could switch places with WE, and the reference
electrode (RE). The potential difference between WE and RE is the po-
tential of the working electrode (Ewe), while the current (I) is the cur-
rent flowing between WE and CE, as shown in Fig. 4.

The Swagelok® two-electrode type cell (see Fig. 5) is used for the
assembly of supercapacitors. In this type of configuration both current
(D) and potential (Ewe) are measured between WE and CE and behave as
two capacitors in series.

Once the supercapacitors were assembled, the electrochemical tests
were carried out in a Metrohm model PGSTA101 Autolab potentiostat-
galvanostat. The techniques used in this work were cyclic voltamme-
try (CV) and galvanostatic charge-discharge. Cyclic voltammetry was
used with a three-electrode configuration where one electrode was used
as a reference to analyze the electrochemical behavior of the active
material at each electrode. Charge-discharge tests were carried out on
the complete devices in a two-electrode Swagelok® configuration. From
these tests, the specific energy and specific power values of the super-
capacitor were determined as follows [10,12,13]:

Specific energy (W-h-kg™1):

Ewe

Fig. 4. Swagelok® T three-electrode cell.
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Fig. 5. Swagelok® two-electrode cell.

- (e () o
Specific power (W-kg™):

P = (V?)/(4-ESR) / (mtma/1000) (2.2)

mtma =m— +m+ (2.3)

where:

> Ceell, Capacity

>V, Potential

> ESR, Equivalent series resistance

> mtma, total mass of electrode material

3. Results

Among the materials most commonly used in the manufacture of
electrodes for supercapacitors are carbon-based electrodes [14]. These
materials are commonly used due to their low cost, easy availability,
non-toxic, environmentally friendly and stable [15,16].

The characterization of the porous texture of the carbonaceous
starting materials was carried out by means of adsorption isotherms and
mercury porosimetry, and the data are shown in Table 2.

The capacitance of a double layer supercapacitor is directly pro-
portional to the surface area of the electrode material. Theoretically, the
larger this area the greater the energy storage capacity. However, the
situation in practice is more complicated since not all of the surface area
is accessible to the electrolyte ions [17]. Therefore, other textural pa-
rameters such as pore size distribution must be taken into account and

Table 2

Texture and electrical conductivity data of the carbonaceous materials (con-
ductivity was calculated with 0.15 g of material in a cylindrical sample holder of
length 6.69 cm and radius 0.325 cm to which a force of 50 N is applied) (*).

Samples SpET Vini Vine Vinep Vinap Conductivity
(mz. (cm3. (cm3. (cm3. (cm3. (9’1~m’1)
gh g h gh gh g

PCO1000C 1178 0.458 0.402 0.075 0.187 84.19
Graphite 3574 0.003 0.017 11.350 0.751 796.48
rGO 1027 0.402 0.115 0.056 0.581 2.40

(*) Abreviaturas: Sggr, specific surface; Vp,;, micropore volume (reading of
adsorbed volume (Vad) at P/PO = 0,1); Vy,e, mesopore volume (subtraction of
Vmi from Vad at P/PO = 0.95); the pore size distribution is represented by Vme-p,
mesopore volume and Vma-p, macropore volume (mercury porosiemetry). Vp;
and V. expressed as liquid volumes.
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analyzed in depth. It is important to note the importance of matching the
textural properties of the carbon with the dimensions of the electrolyte
ions [18,19].

From the study of the data corresponding to the Sggr specific surface
area, it can be observed that the PCO1000C samples present values
similar to those reported in the literature for this type of materials be-
tween 500 and 1500 mz.g’1 [20-22].

Reduced graphene oxide rGO has a higher value than those generally
reported in the literature for this type of material [23,24].

Graphite has a high Sggr specific surface area in excess of 2000
mz'g*1 which ranks it on a par with superactivated coals [25,26]. This
porous development is probably due to its high mesopore volume.

In terms of pore volume, each of these materials presents a well
differentiated porous development, which makes their study very
interesting. Thus, PCO1000C shows a micro-mesoporous development,
while graphite shows a predominance of wide mesopores, probably due
to its lamellar structure and rGO a micro-macroporous development.

Once the starting materials had been characterized, the electrodes
(see Table 1) and connectors were manufactured. For the manufacture of
the graphite connectors, the inventor program was used for their design
in order to mechanize the design with a high degree of parallelism, to
favor the number of contacts between the connector and the electrode
and to give stability to the Swagelok cell components.

Subsequently, the electrodes were texturally characterized and their
electrical conductivity was determined. The data obtained are shown in
the following table:

From the results of the table, it can be deduced that the most
abundant carbonaceous material in the electrode exerts a high influence
on the pore volume. Therefore, the samples PCO1000C/graphite and
Graphite/PCO1000C are those with a micro-mesoporous and meso-
porous distribution, respectively.

The physical characterization of the carbons was evaluated 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, since 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 therefore helps to reduce the power output of the cell.

In electrodes containing graphite, graphite has a very high influence
on the conductivity of the electrodes. Graphite has a good electrical
conductivity due to the arrangement of the carbon atoms, which form
hexagonal rings contained in sheets that are held together by mutual
attraction forces. These sheets overlap each other, allowing the migra-
tion of electrons, which results in good conductivity.

On the other hand, activated carbons (PCO1000C) are materials that
are characterized by their porous structure, which means that the acti-
vated carbon conducts electricity to a certain extent.

On the other hand, the low electrical conductivity of rGO is due to
the fact that this material supplied to us contained unreduced graphene
oxide structures, which hindered the transit of electrons.

When a carbonaceous material is brought into contact with an acidic
solution, a charge distribution called an electrochemical double layer
develops at the interface. The double layer also influences the adsorp-
tion properties of the surface. Therefore, the adsorption isotherm of a
body can depend on the applied electric potential. This phenomenon is
known as electrosorption.

Once the electrodes were characterized, the supercapacitor was
fabricated as described in the previous section.

Electrochemical capacitors based on carbon materials store energy
through the formation of the electrical double layer, which is an elec-
trostatic phenomenon that occurs at the electrode-electrolyte interface
[19].

Although the formation of the electrical double layer depends on the
surface area of the material, other textural parameters such as pore size,
pore size distribution or porosity tortuosity are very important as they
can limit the accessibility of a given electrolyte [27].
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The capacitive properties of the activated carbons were studied by
cyclic voltammetry while the performance of the supercapacitors was
investigated by galvanostatic charge-discharge cycling.

Fig. 6 shows the cyclic voltammograms of all samples at a sweep rate
0.005 V/s using HySO4 1 M as electrolyte for the four prepared cells.

The carbonaceous systems PCO1000C/Graphite and PCO1000C/
rGO showed quasi-rectangular voltammograms typical of electro-
chemical double layer capacitors (EDL) with low diffusional restriction
to the electrolyte. However, a clear difference in the shape of the vol-
tammograms is observed between both systems, so different contribu-
tions must be taken into account, thus both samples present a similar
microporosity and the mesoporosity more developed in the sample
PCO1000C/Graphite. Likewise, the curve corresponding to the
PCO1000C/Graphite sample shows a faradic contribution at high and
low voltages due to the decomposition of the electrolyte, including some
peaks due to redox reactions [28]. The rest of the curves also show a
faradic contribution with a very attenuated redox effect.

The absence of a significant amount of functional groups in these
carbons (PCO1000C/Graphite and PCO1000C/rGO) explain the quasi-
rectangular voltammograms typical of supercapacitors. On the other
hand, it is known that the presence of functional groups with groups
susceptible to redox processes gives rise to the pseudocapacitance phe-
nomenon [29]. The existence of this phenomenon results in a distortion
in the ideally rectangular shape of the cyclic voltammetry.

Table 4 shows the values obtained by cyclic voltammetry. The
coulombic efficiency was determined by the charge accumulated in the
cathodic and anodic sweeps. The values obtained above 95 % indicate
that the electrode behavior is reversible. In view of the previous table, it
can be deduced that the samples containing PCO1000C as carbonaceous
material in greater proportion (PCO1000C/graphite and PCO1000C/
rGO) present a high reversibility against rGO/PCO1000C that slightly
reduces this percentage 93 % and rGO/PC0O1000C with 57.07 % with a
low reversibility probably due to the impurities of the material or to the
lack of uniformity in its geometry that presented this type of electrode.

When studying the relationship between the electrical conductivity
(Table 3) and the specific capacity (Table 4) of the different electrodes, it
is observed that although it is necessary for the electrodes to have
electrical conductivity to allow the transit of electrons, there is no
quantitative relationship between the two. However, when relating the
volume of narrow pores (Vi + Vpe) with the specific capacity, it is
observed that the greater the volume of pores, the greater the specific
capacity, this is due to the fact that this type of pores facilitates the
transit of electrolytes to the surface of the carbonaceous material
(Fig. 7).

Swagelok® two-electrode cell enables characterization of super-
capacitors by galvanostatic charge-discharge test.

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

As can be seen in Fig. 8, when representing the potential (V) versus
time (t), a linear response is obtained with a positive slope when
charging the system and with a negative slope when discharging it.
Fig. 8 shows that it is also possible to find systems that present an ohmic
drop as a consequence of the resistance of the ions to the movement to or
from the electrodes and by the mechanism that occurs at the electrode-
electrolyte interface.

The obtained chronopotentiograms are shown in Fig. 8, at a current
load of 200 mA/g in HpSO4 as electrolyte.

Fig. 5 plots the potential (V) versus time (t) and a linear response is
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Cyclic voltammetry
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Fig. 6. Cyclic voltammetry in H,SO4 at 1 M at 0.005 V/s.

Table 3
Textural and electrical characterization for each electrode.
Samples Spgr (m2. Vini Vine Viep Vina-p c
g’l) (cm3. (cmg. (cms. (cms. (Q’l-ml)
g g g g
PC0O1000C/ 1121.10 0.367 0.402 0.628 0.187 123.00
Graphite
PC0O1000C/ 993.75 0.386 0.407 0.063 0.179 85.21
rGO
Graphite/ 2918.10 0.025 0.039 9.084 0.610 800.96
PC0O1000C
GO/ 777.80 0.304 0.106 0.043 0.416 8.26
PC0O1000C
Table 4
Cyclic voltammetry properties of samples in H,SO4 1 M at 0.005 V/s.
Samples Total Cycle Specific Coulombic
electrode area capacity efficiency p (%)
mass (g) (A-s) (Fg™h
PC0O1000C/ 0.017 1.276 75.06 98.3
Graphite
PC0O1000C/ 0.044 2.329 52.81 97.91
rGO
Graphite/ 0.014 0.337 22.76 93.17
PCO1000C
1GO/ 0.009 0.409 42.67 57,07
PCO1000C

obtained with positive slope when charging the system and negative
slope when discharging it. Likewise, it is observed that the super-
capacitors show almost triangular shapes, which again indicates that the
samples behave almost as an ideal electrochemical double layer (EDL)
with low resistance and good diffusion of the electrolyte inside the
pores, except the sample PCO1000C/rGO associated with a non-ideal
behavior (upper peak of the triangle) that presents an ohmic drop
consequence of the resistance of the ions to the movement to or from the
electrodes and by the mechanism that occurs at the electrode-electrolyte
interface. In other words, this behavior is attributable to various con-
tributions associated with the cell configuration (electrolyte resistance,
electrode resistance, electrode-connector resistance, etc.).

From the data obtained and represented in Fig. 8 for charging and
discharging, the values of specific energy and specific power of the
supercapacitor shown in Table 5 were obtained, as indicated in the
previous section.

In carbonaceous materials, micropores between 0.7 and 2 nm are
characterized by high capacitive performance, however, the maximum
capacity of the double layer is obtained with a pore distribution very
close to the size of the electrolyte ion [27,30].

Mesopores are important because they are necessary for the efficient
transport of ions [31]. Very large or small pores can lead to a decrease in
the capacity of the pores [27].

Therefore, the capacitance values shown in Table 5 are in agreement
with the porosity values shown in Table 3, where the importance of the
micropores and mesopores present in the electrodes is evident.

The capacitance exerts a notable influence on the energy values, as
can be seen from Eq. (2.1), with the PCO1000C/Graphite and
PCO1000C/rGO samples having the highest energy values.

The equivalent series resistance (ESR) represents the sum of the
contact resistance, the charge transfer resistance and the diffusion
resistance in the electrolyte pores during the electrochemical process.
The equivalent series resistance has a very important influence on the
power values as shown in Eq. (2.2). In view of the above table, the
sample with the highest power development is PCO1000C/Graphite,
which has the lowest ESR. The high power value despite its high ESR of
the rGO/PCO1000C sample is striking, probably due to the low value of
the mass of its electrodes.

The results show that the electrodes made with PCO1000C/Graphite
and PCO1000C/rGO had a capacity and performance in the order or
higher than that found in the literature, where the electrodes were made
of Ni-doped ZnO, porous carbons using hexamethylenetetramine
(CgH12N4) and FeCj3:6H20 as raw materials, among other materials
[13,32-36] (Table 6).

4. Conclusions

Of the supercapacitor connectors that have been machined (graphite
and copper) only the graphite one showed characteristics that allowed it
to give good long-term results for the design of a supercapacitor. Copper
presented galvanic couples after each use.

Different powdery materials have been characterized texturally,
chemically and morphologically. The electrical conductivity of the
samples was also determined. It has been determined that textural pa-
rameters such as pore size distribution should be taken into account and
analyzed in depth to characterize the supercapacitors.

The carbonaceous systems PCO1000C/Graphite and PCO1000C/
rGO showed quasi-rectangular voltammograms typical of electro-
chemical double layer capacitors (EDL).

The chronopotentiograms show that the supercapacitors fabricated
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Fig. 7. Narrow electrode pore volume vs. supercapacitor capacity.
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Fig. 8. Galvanostatic charge-discharge in H,SO4 at 1 M at 0,005 V/s.

in this study present quasi-triangular shapes, again indicating that the
samples behave almost like an ideal electrochemical double layer (EDL)
with low resistance and good diffusion of the electrolyte inside the
pores, except for sample PCO1000C/rGO which has presented a char-
acteristic shape associated with non-ideal behavior.

The specific energy values show that the capacitance exerts a
remarkable influence on the energy values, with samples PCO1000C/
Graphite and PCO1000C/rGO having the highest energy values.

In view of the porosity, it can be deduced that, although the pore
volume has a considerable influence, since it allows a greater contact
between the carbonaceous material and the electrolyte; other factors
such as electrical conductivity and the presence of graphitic structures,
which seem to exert a greater influence on the values of the capacitance,
should not be forgotten.
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Table 5
Energy and power values for galvanostatic charge-discharge processes of samples in H,SO4 1 M at 200 mA between —0.9 and 0.3 V.

Journal of Energy Storage 73 (2023) 109110

Samples Supercapacitor capacity (F-g~')  Individual electrode capacity (F-g~!)  Equivalent series resistance ESR (Q)  Energy (W-h-kg?")  Power (W-kg )
PCOlOOQC/ 51.35 205.40 2.48 0.64 534.25

Graphite
PCO1000C/rGO 50.55 202.20 8.12 0.63 62.83
Graphite/

PCO1000C 13.23 52.94 34.76 0.16 43.73
rGO/PCO1000C 35.24 140.97 10.98 0.04 213.40

[9] J.S. Lazaro, et al., Energia eléctrica y materiales: baterias recargables,
Table 6 supercondensadores y pilas de combustible, Accessed: Jun. 20, 2022. [Online].

Mass of the active material of the two electrodes.

Samples Active material mass of the two electrodes (g)
PCO1000C/Graphite 0.0170
PCO1000C/rGO 0.0441
Graphite/PCO1000C 0.0148
rGO/PCO1000C 0.0096
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