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Three dimension modelling of the components in supercapacitors
for proper understanding and contribution of each parameter to
the final electrochemical performance
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Abstract Three dimension (3D) modelling of supercapacitors (SCs) has been investigated for the first time to have a better
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understanding and study the effect of each parameter on the final electrochemical results. Based on this model, the

resistance of the electrolyte, membrane, current collectors and active materials, have effect on the first intersection point

on the real axis (x-axis) of the Nyquist plots (equivalent series resistance (ESR)). These results indicate inward shrinking of

the cyclic voltammograms (CV) due to a small change in the leakage resistance and resistance of the faradic component of

materials, it also explains the parameters that lead to the deformation of the CV from the ideal behaviour. The 3D model

was verified with experiments using activated carbon-based SCs devices. The experimental results confirmed the 3D model

results and suggest that the proposed 3D model is reliable and can be used for the proper design of SC devices.

Introduction

The Storage systems with sufficient capacity and highly efficient
charge and discharge characteristics are of huge and strategic
importance for portable electronic, biomedical applications, as
well as short and medium-term stationary applications. For this
purpose, different technologies are being developed including
mechanical, thermal, physical, chemical and electrochemical
energy storage systems 1. Advanced solutions with high energy
densities are batteries, however, they suffer from low power
density, a short cycle life, safety risks and poor adaptability with
flexible systems 2. Electrochemical capacitors (ECs) also called
supercapacitors with high power density, good cycling stability,
and fast charge-discharge rate are a new energy storage devices
that have attracted attention in the scientific community 3->.
Currently, research in the field of supercapacitors is focused on
fine-tuning electrode, electrolyte and material section to
achieve the best performance -8, However, there are no studies
on the effect of resistances of each parameter on final
electrochemical performance which can help researchers to
develop and synthesize the best ECs depending on the usage.

For a better understanding of the ECs, we need to understand
the full behavior of each component of the ECs during charge
and discharge. Based on the charge storage mechanism, ECs can
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be classified as electric double layer capacitors (EDLCs), pseudo-
capacitors or redox electrochemical capacitors (RECs) and
hybrid electrochemical capacitors °. The EDLCs store energy by
the charge separation at the electrode-electrolyte interface 19,
while RECs materials, which not only store energy like an EDLC
but also in the appropriate potential window represent
electrochemical faradaic reactions between electrode materials
andions 1, Until now most researchers have tried to explain the
electrical behavior of the pure EDLCs 12 for ECs, however, none
of the reports clearly explained effect and reflection of
resistances of each component of the ECs on their behavior
leading to the final stored energy. In this article, we study and
provide a deep understanding of the electrical behavior of ECs
and the effect of each component to the final electrochemical
performance. The verification and confirmation of the proposed
model, was carried out experimentally with activated carbon-
based materials and KOH aqueous electrolyte in the laboratory.

Modelling of the Supercapacitor

The electrical behavior of ECs can be described by the lumped-
element impedance-based model. The most common models
for the description of EDLCs are in three categories namely; RC
circuit model, three branch RC circuit model, and a transmission
line model (Fig. 1). The simple RC circuit model, as shown in Fig.
1 (a), includes four ideal circuit elements, the Rs element
presents series resistance which is due to the presence of
electrolyte and the metallic conductors, L element presents the
series inductance that is mostly influenced by the geometry of
the connectors and electrodes, Cis the ideal capacitor behavior
which store energy by the charge separation at the electrode-
electrolyte interface and Rc¢r element due to the process of
charge transfer from the electrode to the electrolyte and
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Leakage current. The loss in EDLCs energy, during self-
discharge, gives rise to leakage current resistance and through
charging and discharging time caused by equivalent series
resistance (ESR) 1314, It is necessary to extend the simple RC
circuit model since it cannot be used to probe porous nature of
the electrodes or show the behavior of EDLCs over a frequency
range accurately.

The three branch RC circuit presented by L. Zubieta and R.
Bonert 15, is shown in Fig. 1 (b). It consists of the leakage
resistance Rk in parallel by three branches which correspond to
different time constants for charge transfer. The first or
immediate branch is for the time range of seconds and it
consists of a resistance R;in series with two capacitors; a voltage
dependent capacitor Ciz and a normal capacitor Cip. The delayed
branch with parameters Rq and Cq, represents time constants
within the minutes range while the long term branch, Ryand C,,
represents time constants greater than ten minutes. The
models show a suitable connection with experimental results,
however, the models have a weakness taking into account that
the circuit components lack a physical meaning 2.

The transmission line model is adopted in many reports 17.18 to
represent precisely the porous nature of the electrode in EDLCs
as shown in Fig. 1 (c) which includes the leakage resistance Ry,
solution resistance Rg, electrode resistance Reg, inductance Ls
which is prevailing at high frequency, a resistance Rp that is in
parallel with inductance Lp which are observed above resonant
frequency.
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Figure 1. EDLC (a) Simple RC circuit model, (b) three RC circuit model
and (c) transmission line model

All the above mentioned models are incomplete models for
actual ECs and cannot be used to examine resistances of each
parameter of ECs (active material, electrolyte, separator and
etc.) individually and their focus is mostly on the EDLCs material.
Thus, in this paper, we propose a realistic three dimensional
model to study and elucidate resistances of each component of
ECs individually and the influence of each component on the
final behavior of ECs. Cyclic voltammetry (CV) and galvanostatic
charge-discharge (GCD) modeling and measurements, cannot
be completely understood in the electrochemical reaction at
the electrode-electrolyte interface and a complete description
can be explained by the electrochemical impedance
spectroscopy (EIS) °. The EIS is often represented by the
Nyquist plot which presents the real (x-axis) and imaginary part
of the impedance (y-axis). The Nyquist plot takes into account
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the different parameters (resistance, capacitance, inductance
and etc.) all being dependent on the frequency and is usually
divided into three regions, low frequency, medium frequency
and high-frequency region 2°. For an ideal capacitor, the Nyquist
plot of impedance is represented by a vertical line which is
parallel to the imaginary (y axis), which is only correct for liquid
mercury electrode and the impedance of most solid electrodes
deviates from the purely capacitive behavior 21,

To offer a realistic model close to the practical situation, the
behavior of ECs should be described by a complex network of
non-linear inductances, capacitors and resistances. Thus, Fig. S1
(a) and (b) have been proposed for realistic and accurate 2D
model for the ideal behavior of EDLCs and RECs material
respectively. The ECs shown in Fig. 2 and S1, depend on several
parameters, such as the capacitor that present double layer
behavior (C; and GC;), the capacitor that present redox
electrochemical behavior (Cepi and Cgp), inductance (L),
resistance of the electrolyte (Re), current collector and
electrode materials resistance (Rc), membrane resistance (Rm),
Faradic part of material resistance (R¢) and leakage resistance
(Ri) (that is dependent on packaging). The suggested RECs
model in our simulation is based on their behavior that is close
to battery material 2223, due to the fact that most oxide
materials for RECs show a Faradaic phenomenon. In reality, the
presence of functional groups at the surface of the electrode
materials for EDLCs cannot be overruled and they show similar
behavior to RECs during charge and discharge contributing a
pseudo-capacitive effect to the total electrochemical
performance. Similarly, some oxide materials such as RuO and
MnO; exhibit EDLC behavior (pseudo) 2* and makes their model
complex. To resolve this issue, the final 2D model presented in
Fig. S1 (c) considered a hybrid model that takes care of all the
functional groups and other parameters bringing the model
close to the practical ECs behavior. Lastly, a 3D hybrid model in
Fig. 2 (S1 (d)) was suggested for a realistic simulation of the
EDLCs behavior.
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Figure 2. 3D electrical equivalent model of practical ECs
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Figure 3. (a) EIS plot, (b) the phase angle versus frequency and (d) CV ¢

Methods

Simulation of the full cell supercapacitor

In order to study the performance of the passive hybrid system
and to verify the analytical approach above, simulations in
Matlab/Simulink is conducted using Simpower GUI. A saw tooth
wave with the maximum voltage of 1V and frequency of 0.01 is
used to charge and discharge the cell in order to simulate its
performance. Firstly, the 2D model is built in Simulink shown in
Fig. S2. The Two 2D models in Fig. S2 are then connected
together through two resistor banks, each comprising Re and
Rc, to form the 3D model shown in the right hand side of Fig. S3.
The left hand side of Fig. S3 shows the charge/discharge control
and output voltage and current measurement circuit, where
Isc.mat and Vsc.mat store the simulated current and voltage
profiles of the cell and Vchg.mat provides the saw tooth voltage
waveform to charge/discharge data given in Fig. S4.
Experimental and electrode preparation of the full cell
supercapacitor

Polymer based activated carbon (AC) was used in experimental
section and was prepared by the methods reported in our
previous work 2> using hydrocarbons such as polyvinyl alcohol
(PVA)/ Polyvinylpyrrolidone (PVP) as a source of carbon,
through chemical activation with KOH as the active agent to
produce the desired porous carbons. The porous carbon
(activated carbon (AC)) that was used for the electrochemical
test has surface area of 1063 m? g1 and has some functional
groups on the surface as explained in our previous work. The
electrodes were made by combining the active materials,
conductive additive (carbon black) and Polyvinylidene fluoride

urves of simulation results

(PVDF) in N-methyl pyrrolidone (NMP) to make a slurry which
was coated on a Nickel foam graphene coated as a current
collector and dried at 60 °C in an oven overnight. The device was
tested in a two-electrode configuration with a microfiber filter
paper (thickness of 180 um with 11 um pore size (particle
retention)) as a separator. Three set of devices were made and
tested numerous times to ascertain the reproducibility before
coming to the conclusion. The reference cell and first device
consisted of the active material (activated carbon with
functional group) derived from PVA\PVP, carbon black and
PVDF with weight ratio of 90%, 5% and 5% respectively, 6 M
KOH, one glass microfiber filter paper separator and graphene
coated Nickel Furthermore, the
resistance of the active material (R¢) in the second device was
increased by increasing the binder by 10% without the addition
of a conductive agent (carbon black). The third device was made
with the intention of increasing the resistance of the electrolyte
(Re), where the 5 ml of 10 .wt% PVA solution was add to 5 ml of
6 M KOH. The number of the separators was also increased so
as to slow the movement of ions with the electrodes which will

foam current collector.

result in increased membrane resistance (Rnm). It's worth stating
that it quit difficult to control all other parameters in reality and
thus all the test parameters were repeated numerous times to
confirm the results obtained. Electrochemical measurement
(electrochemical impedance spectroscopy (EIS) and Cyclic
voltammetry (CV)) were carried out using a Bio-logic VMP-300
potentiostat. The EIS measurements were conducted in the
frequency range from 0.01 Hz to 100 kHz with the open circuit
potential (~ 0 V).
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Figure 4. Simulation result of EIS plot and CV curves when (a) and (b) increasing resistance of the electrolyte 100 times,

resistance 100 times
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Figure 5. Simulation result of (a) and (b) EIS plot and (c) CV curves when increasing current collectors and active materials resistance 2 times

Results and Discussion

To study the effect and reflection of resistances of each
parameter to the final electrochemical performance separately,
the reference cell will be necessary. After the 3D model of
supercapacitor designed, each parameter of the cell was
assigned the specific value and the outcome of that was
considered as reference cell result. Then, to study parameters
effect individually, each parameter was changed separately
when the rest of the parameters were fixed with reference
amount. To see the negative effect of each parameter compare
to the reference cell, some of the parameters were increased
and some were decreased. The modified value is just a number
that it’s high enough to see the effect of each parameter
compared to reference cell. Fig. 3 displays the EIS plot, the
phase angle versus frequency and CV curves of simulation
results after changing resistance of each parameter compared
to reference cell. In our simulation results, Re represents the
resistance of the electrolyte, R is the resistance of membrane,
R¢ is a resistance of current collector and electrode materials,
Rik is leakage resistance and R is the resistance of the Faradic
part of the material. It is clear that each parameter has a
different effect on the final result of the supercapacitor. For
better understanding and clarity of the result, each parameter
is plotted and investigated separately compared to reference
cell.

Fig. 4 (a) and (b) presents the effect of the electrolyte resistance
on the final results of EIS plot and CV curves. As observed from
Fig. 4 (a) change in the resistance of the electrolyte (Re) by a
factor of 100 lead to an increase in the first intersection points
on the real axis (x-axis) of the Nyquist plots. This frequency plot
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corresponds to typical time constants in most high-power
applications, For intermediate frequencies, the complex-plane
plots form an angle of ~45 with the real axis as seen in the
figure. This angle is explained by the limited current penetration
into the porous structure of the electrodes 2¢. For lower
frequencies, the spectra approach a nearly vertical line in the
complex plane, which is typical of ideal capacitors. Similarly, a
shift and increase in the high-frequency area and the angle of
Nyquist plots for the intersection of the high and medium-
frequency region was also observed. The model is a highly
dynamic load at the beginning as well as deeper charging and
discharging. The corresponding CV and the calculated data
show excellent agreement. Figure 4 (b) shows CV curves of the
simulated results based on the reference cell and the simulated
cell after the Re was increased by 100 times indicating that there
was no change in the shape of the CV rather a small decrease in
current was observed which correspond to slight shrinkage of
the CV. This also shows a decrease in the capacitance of the
device.
Several other components contribute to the overall
performance of the device such as the membranes that prevent
short-circuiting within the device. Fig. 4 (c) and (d) presents the
effect of the membrane (separator) resistance on the final
performance of the device. Fig. 4 (c) shows an increase in the
resistance of the membrane (Rn,) by a factor of 100 show the
first intersection points on the real axis (x-axis) of the Nyquist
plots increased and the whole plots shift by the same length.
The angle of Nyquist plots for the intersection of the high and
medium-frequency region didn’t change. The corresponding CV
in Fig. 4 (d) shows a similar result with shrunk CV indicating a
capacitive decrease. It is clear that the results obtained using

the proposed model give a similar result to what is obtainable
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Figure 6. Simulation result of (a) and (b) EIS plot and, (c) and (d) CV curves when decreasing leakage resistance 100 times
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Figure 7. Simulation result of (a) and (b) EIS plot and (c) CV curves when decreasing resistance of Faradic part of material 10 times

in the experiments that is presented at the end of the paper.
Therefore, the proposed electric model can be used in designing
a voltage controller and in sizing a supercapacitor for storage
application.

The resistance of the current collectors and active materials
(and resistance at the interface of them) also play a crucial part
in the performance of the devices. Such contributions are
presented in Fig. 5. Fig. 5 (a) and (b) shows result of increasing
the resistance of the current collector and electrode materials
(Re) by a factor of 2 (The parameter that was chosen for R for
reference cell was high at first, so increase by a factor of 2
making it high enough to see the effect of R compare to
reference cell). From Fig. 5 (b) which provides an enlarged view
of the Nyquist plot, showing remarkable deviations attributed
to the longer time that charge can reach to the surface of the
active material. This deviation could also affect the efficiency of
the device which is influenced by the resistance of the
electrodes which means that increasing the real part of the
impedance with a corresponding decrease in frequency has to
be taken into consideration. However, the angle of Nyquist
plots for the intersection of the high and medium-frequency
region remained the same. Fig. 5 (c) shows a clear shrinkage in
the CV that explains a decrease in the performance of the
device, hinting that the resistance of active material and current
collector play a crucial part in the performance of the
electrochemical devices. The shrinking might be attributed to a
number of factors such as the, the conductivity, the pore
dimension of the active materials and current collectors.

Fig. 6 presents the effect of leakage resistance (Ri) on the final
results. Figure 6 (a) and (b) show that by decreasing the Rik by
100 times, the first intersection points on the real axis (x-axis)
of the Nyquist plots didn’t change. Decreasing the Ry put a
negative effect on the capacitance of the supercapacitor. The
only part affected is the low-frequency region that shows more
deviation from the vertical lines. Decreasing the Rix means that
the cell has an easier way to discharge than keeping the charge
at the surface. Fig. 6 (c) and (d) shows CV curves of a simulation
result of the reference cell and the cell after decreasing Ri by
100 times. For the first time, this paper reports an upward shift
and shape change (pushed inward) of the CV curve by adjusting
one parameter such as leakage resistance (Fig. 6) or resistance
of the Faradic part of materials (effect of functional group) (Fig.
7). The initial and final point moved up and the shape of CV

This journal is © The Royal Society of Chemistry 20xx

curves pushed inward a little. The shift in CV is more at the
endpoint with high current than the first point with the low
current which is considered as a shift to match the initial point.
As EIS results showed, that decreasing the R put a negative
effect on the capacitance of the supercapacitor, thus, by
decreasing the Ry, supercapacitor needs more energy to charge
than the energy given on discharge section.

Fig. 7 presents the effect of the resistance of the Faradic part of
the material (Ret) on final results. As shown in Fig. 7 (a) and (b),
a decrease in the R by 10 times leads to no change in the
intercept value on the real axis (x-axis) of the Nyquist plots,
however, it introduces a negative effect on the Faradic part of
the supercapacitor performance. The only part that gets
affected is the low-frequency region that becomes more
resistive and deviate from the vertical lines. Fig. 7 (c) shows CV
curves of a simulation result of the reference cell and the cell
after decreasing Rt by 10 times. It shows the same trend as Fig
6 (c) and (d). The initial and final point moved up and the shape
of CV curves pushed inward a little. Decrease in the R reduce
the potential capacity of the capacitor that present redox
electrochemical behavior (C¢) and put a negative effect on the
capacitance of the supercapacitor so that ECs need more energy
to charge than the energy given on discharge section. The Re
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Figure 8. An enlarged view of the phase angle versus frequency of
the simulations
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and C¢ have a very close relationship to each other that linked
to the material properties.

of the CV curves shifts up and the shape of CV curves pushed
inward a little by changing the leakage resistance and resistance

b
a 300 -90 c,\ 3
—a— Reference cell Reference cell (o))
-8 Increase Re 80 Increase Re E 2
~—h— Increase Rm _ 704 Increase Rm 5 | 1
~w—Increase Rc g =~ Increase Rc s
4.0 E .60 E 14
35 Reference cell
30 @ -504 e o Increase Re
25 = -40 4 5 Increase Rm
20 g T) ~— Increase Rc
15 P -304 o 14
1.0 [72] -20 f‘:
0.5 g 8 -2+
0.0 o 101 Q.
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 %)
T T T T T 0 T T T o -3 T T T T T T
50 100 150 200 250 300 0.01 0.1 1 10 100 1000 10000 0.0 0.2 04 0.6 0.8 1.0
Z' (Ohm) Frequency (Hz) Voltage (V)

Figure 9. (a) EIS plot, (b) the phase angle versus frequency and, (c) CV curves at scan rates of 20 mV 51 of material in reality

Fig. 8 presents an enlarged view of the phase angle versus
frequency of the simulations. This figure shows the effect of
each parameter discussed above on the final result of the phase
angle. The ideal capacitor phase angle should be -90°. The
closer the phase angle is to —90° means the device performs
similar to an ideal capacitor ?’. Fig. 8 shows the same trend that
all EIS simulation showed similar trend. Those parameters that
put a more resistive behavior on final capacity, moves far away
from the -90°.

For the purpose of verifying the analysis above and confirming
the proposed model, experiments with the activated carbon-
based supercapacitor were tested in the laboratory. In the
experimental section the parameters that are possible to
control physically in our laboratory were investigated. The
investigation of the high-frequency region and effect of each
resistive component of the device was carried out
experimentally to ascertain and confirm the proposed three-
dimensional hybrid model. We detected the same trend in Fig.
9 as the 3D simulation results proposed. However, as shown in
Fig. 9 (a), the length of the EIS increased after changing one
parameter due to the fact that the mass of the material is not
completely as uniform as reference cell and the other cell.
Controlling the mass in such scale is very difficult with our
equipment. The phase angle (Fig 9 (b) and Fig S5) and CV curves
(Fig 9 (c)) of the experimental were also followed the 3D model
results that suggest the proposed model was completely
correct. By conniving the mass effect on capacity, the CV shape
after increasing the Re is almost the same as reference cell.
Increasing the Ry, and R, clear shrinkage occurs in the CV shape
as 3D model suggested too.

Conclusion

In conclusion, a novel 3D model of the supercapacitor was
presented. The results report the effect of each parameter
individually for the first time in electrochemical capacitors.
Based on the proposed 3D model, the resistance of the
electrolyte, membrane resistance, current collectors and active
materials resistance can increase the first intersection points on
the real axis (x-axis) of the Nyquist plots. Also, the results
revealed a novel phenomenon when the initial and final point

6 | J. Name., 2012, 00, 1-3

of the Faradaic part of materials. These can explain which
parameters play a major role in deformation of the CV shape
from the ideal state. The experimental results confirmed that
the proposed is completely correct, in that the change of any of
the aforementioned parameters indeed increase the first
intersection point on the x-axis of the Nyquist plot and also
affect the shape of the CV curves. To improve the ECs
performance based on the reported results, the selected
electrolyte should have highest ionic conductivity, the chosen
membrane should have sufficient size of porosity base on the
electrolyte to get lowest ionic resistivity, the current collector
should have the highest conductivity with good surface
interaction with the active material and the active material
should have highest electrical conductivity. The leakage
resistance dependents on the packaging of the cell, so
packaging method plays an important role in the final result.
Finally, the Faradaic part of the active material can improve the
capacity of the ECs by choosing the best candidate with high
capacitance and low resistive behaviour (if R is high in the
material, it acts as capacity with low resistive behaviour).
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