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High-performance supercapacitors (SCs) with high power, energy, and long-life cycles, are essential for inno-
vating wearable and portable electronics as extensively reported in literature. The Web of Science shows more
than 23,000 papers published since 2018 with the topic ‘Supercapacitor’, number that keep growing, from 732
papers per year in 2012 to an average of 4651 papers per year since 2018. However, the establishment of
performance metrics on the reported values should be achieved to reduce inconsistencies in their real perfor-
mances. For that reason, we developed the Supercapacitors Auto Analyser (SCAA) program for SCs data analysis
to support the community to establish performance metrics for SC devices, with standard terms, equations, and
units. The SCAA generates important graphs with the SCs key properties and electrochemical performance such
as capacitance, energy, power, coulombic efficiency (CE), equivalent series resistance (ESR), drop potential
(Vgrop), cycling stability, and time constant. These results are calculated from common data generated by
potentiostat on SCs characterization such as cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and
electrochemical impedance spectroscopy (EIS). With appropriate inputs, the SCAA provides as many as 50 graphs
with accurate normalizations by mass, area, or volume in a few minutes. This automation of data analysis is
packed in a software made available to the community in the supplementary materials and website www.scaasof

tware.com.

1. Introduction

The increasing interest and need for portable electronics and electric
cars require even more energy storage for continuous and reliable en-
ergy supply [1-3]. It has been reported that our global energy needs will
roughly double by mid-century and triple by 2100 [4]. Thus, there is an
ever increasing and urgent demand for vigorous development of not
only clean, renewable, and sustainable alternative energies (solar, wind
and tide), but also advanced, low-cost, and environmentally friendly
energy conversion and storage devices [5-8]. Among energy storage
systems, supercapacitors (SCs), also known as electrochemical capaci-
tors or ultracapacitors, have been the focus of interest from part of the
community because they offer hundreds of thousands of charge/
discharge cycles, superior rate capability, rapid charge/discharge rate,
simple principles, fast dynamics of charge propagation and low main-
tenance, being an intermediate device between batteries that have a
high energy density, and conventional capacitors with high power
density [9-12]. In this way, the development of high-performance SCs,

with high values of power, energy, and long-life cycles, is essential for
innovating wearable and portable electronics [13-15].

Due to the great rise in the number of researchers focused on
enhancing the stored energy in SCs, as well as creating hybrid electro-
chemical energy storage devices (EESD), different metrics have been
published. This brings discrepancies among the different testing
methods and makes the comparison between different EESD chal-
lenging. As an example, many published works call energy (or power)
density the energy normalized by mass, when it should be called specific
energy [16]. Studies of graphene electrodes for application in SCs are
presented considering the mass of the whole device, which considers the
mass of the current collectors, electrolyte, separator, and active material
[17]. Other studies use the specific energy values considering only the
mass of the active materials [18] or do not clearly state which mass is
used in their calculations [19]. Therefore, an expressive normalization
parameter based on the mass/area/volume of both the active material
and the whole device is required, which should be reported together to
better depict the entire energy storage device in a more accurate way
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[16,20].

Among the processes researchers employ to reach useful initial in-
sights about their devices are sample production and electrochemical
characterization followed by data analysis that may take days, and the
repetition process during extensive data handling and manipulation may
lead to human mistakes. Unfortunately, besides the lack of normaliza-
tion, some works present calculations with different equations and pa-
rameters that may give incorrect results, over or underestimating real
values. From common electrical measurements (CV, GCD, and EIS) and
known generated data for input into the SCAA program the researchers’
job is simplified. The program was tested with many known data to
verify its credibility in the outputs, which is crucial for reliable and
publication-worthy results.

Moreover, agreement on the performance metrics may be of great
help for the energy community, and an automated program could
contribute to these questions, as well as to accelerate the electro-
chemical data analysis for these scientists. Much time is addressed to
manage data, performing calculations, and find the proper way to show
their results and understand the key parameters of their devices. In fact,
most of this time could be more valuable from more ‘human-activities’
as readings on paper and creative thinking for future experiments, im-
provements, and discoveries. Therefore, in a research group with
extensive sample production and characterization with a large amount
of data, a system that automatically reads data and displays the neces-
sary, and of high interest, results should be of great interest.

In this paper we show a programming approach to support the
community to stablish performance metrics for SC devices, with stan-
dard terms, equations, and units. We provide an overview of the
supercapacitor characteristics and key parameters and discuss all the
equations used for each analysis and the results generated by the SCAA
to show how automating this process may make uniform and accelerate
data analysis with fast interpretation and understanding of the results.

In this version, our program aims for simplicity, where the user in-
puts the data and a few specific parameters of the samples and charac-
terization before running the analysis. The SCAA program presents the
equations to precisely calculate the key parameters from the measure-
ment and the specified device and conditions. The program generates
many outputs - better described later — in the form of graphs, along with .
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txt files in case the user needs further manipulation.
2. Methods

Electrochemical characterizations were performed in symmetric all-
solid SCs based on PEDOT:PSS, prepared by our research group, in a
two-electrode system using a potentiostat (AutoLab Metrohm, PGStat
coupled with the FRA32 module). We performed cyclic voltammetry
(CV) using scan rates of 10 to 200 mV-s"!; galvanostatic char-
ge—discharge (GCD) measurements were performed with specific cur-
rent range from 0.1 to 1.0 A-g~!. Both measurements were performed
with the same potential window of 0.8 V and generated one data file for
each scan rate/specific current step (Fig. S1). Cycle stability was per-
formed by CV and GCD: 5000 CV cycles at a scan rate of 200 mV-s~!, and
5000 GCD cycles at 0.2 A-g~ . Electrochemical Impedance Spectroscopy
(EIS) was performed using 2 electrodes method at the open circuit po-
tential with an amplitude of 10 mV in a frequency range from 0.1 to 10°
Hz. The mass of both active electrodes was 1.2 mg deposited over an
area of 0.64 cm?, and a total volume of 0.000512 cm®. The electrolyte
was 1.2 M H3PO4-PVA gel-electrolyte.

2.1. Program, interfaces, inputs and outputs

The software was developed using the programming language Py-
thon (version 3.8.5). Understanding properly the data researchers hold
is important to use the appropriate equations and graphs to obtain in-
dividual and important SC parameters. From the CV data, the files are
separated by different potential scan rates for which the measurement
was performed, and each file presents only two columns: Voltage and
Current. From that point on, the software performs the reading of all
files and places them together in a single file (Fig. S1). The same process
occurs for GCD data, which initially also presents many files corre-
sponding to different specific currents to charge-discharge the device.
Once this initial organization process is complete, the program treats the
data to proper units or normalization (that is, F to F-g’l, Fem 2 and F-
cm™~3). The outputs from the SCAA program are Ragone plot, CV plotting
(Ivs V), capacitance (C), energy (E), and power (P) vs potential scan rate,
while the GCD outputs are C, E, P vs specific current, GCD graph (V vs t),
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Fig. 1. Simplified flowchart representation of the SCAA processes after sample production, electrochemical characterization, and data collection to feed the

SCAA program.
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Fig. 2. Standard requirement for input data; and SCs key properties generated from each analysis by the SCAA program. Further information about the input files is
shown in Figs. S1 and S2 from the Supplementary Information.

as well as parameters of equivalent series resistance (ESR), coulombic, The EIS data are organized for plotting the main graphs: Bode plots,
energy and voltage efficiencies (CE, EE, and VE, respectively). Nyquist plots, capacitance, and time constant vs Frequency. From the

From data of cycling stability obtained from thousands of CV and Nyquist plot it is obtained the ESR by taking the lowest value from the Z’
GCD cycles, the main outputs are CV (I vs V over n cycles) or GCD (Vs t) data (Real Impedance), taken at the highest frequencies, while the

and the respective stability over cycles, dropping from 100 % at cycle specific capacitance and time constant are presented ahead.

number 1 to smaller values after n cycles. The whole process from the sample fabrication to final data analysis
m Supercapacitor Auto Analyser - Developed for Scientists (v. lite 1.0) — O X
Help

Welcome to the Supercapacitor Auto Analyser
Fill and save common parameters before running any analysis

(SLININGLESEIEINEICIEN CV Analysis | GCD Analysis | Cycling Stability by CV | Cycling Stability by GCD | EIS Plotting

Please, insert the Folder with the files to be analysed
BRO
Sample Mass 0.0012 g

Sample Area 0.64 cm?

I cm?® - optional for normalization with volume of the
active electrode material or whole sample.

Sample Volume

Figures Resolution 300 dpi
two-electrode / Itwo-el—!I i

three-electrode system

Reference electrode in ,—

case of 3 electrodes:

Save Parameters

Fig. 3. Graphical User Interface (GUI) of the SCAA program for folder and file inputs and few parameters for each analysis. Images of the other tabs and parameters
required are shown in the SL
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is simplified and schematized as shown in Fig. 1.

Fig. 2 summarizes the standards required for the input data and the
key parameters generated by each analysis. GCD is a crucial measure-
ment that is responsible for a great part of the results, either by single
GCD measurements or by cycling stability. Further information about
the input files is available in the Supplementary Materials, Figs. S1 and
S2, and additional document with instructions for data acquisition using
the software Nova 2.1.5 from the AutoLab is also available.

Fig. 3 presents the SCAA’s graphical user interface (GUI) where the
user should input the data files and some common parameters such as:
the mass, area, and volume of the sample, to individually analyse in the
respective tab, according to the file input. This GUI was made using the
PySimpleGUI library from Python, and the SCAA program turned into an
executable file, so the users would not need programming skills or Py-
thon to run the analysis.

General equations, units, and names used in the algorithm (and
interface) are presented in the next sections. The equations were ob-
tained from the supercapacitor literature and mainly from Noori et al.”
review [16].

2.2. CV data analysis

The Eq. (1) for capacitance Cy (in units of F~g’1, F-cm 2 or Fem ™)
considers the capacitive potential interval AV (V), the potential scan rate
vin (V~s_1), the whole device or electrodes mass (g), their area (cm?) or
volume (cm®) as x, and the integration of idV under the reverse part of
CV (i.e. discharge scan, from Vy = 0.8 V to V; = 0) to obtain the volta-
metric charge (in units of A-V)

1
= — i dV 1
G v XAV /:l m

It is important to note the difference of true area-normalized
capacitance and geometric area normalized capacitance, where the
first is more inconsistent and complicated to obtain due to equipment
variability in surface area measurements, especially in the case of porous
active materials [16], whereas the geometric area normalized capaci-
tance is the ratio of the capacitance to the simple geometric surface area
of electrode exposed to the electrolyte. Thus, the user must pay attention
to the sample area input that will result in the respective normalized
capacitance.

2
The energy is taken from the equation E, = (G 2 v ), Eass is adjusted

to h and kg resulting in units of Wh'kg’l, while Egreq/yvolume takes area
(sz) or volume (cm3) and is adjusted to h and presents units of Wh-

em ™2 or Wh-em™3.
Cmansz
Emasr = 772 or
C AV? @
E _ area/volume
areavolume =~ 00—

The Eq. (3) for the power P, is adjusted to h, resulting in units of
either W-kg™!, W-cm™2 or W-cm 2.

p :Exv3600

X A V (3)

Cycling stability CScy (%) normally obtained from several thousand
GCD cycles, in the SCAA it is also obtained for several thousand (n) CV
cycles. The result is calculated and shown considering the percent
retention of capacity from the first cycle (C,—; = 100 %) through the n
CV cycles.
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CN
CSev (%) = x 100 4
Cn:l
As this measurement may be destructive to the sample, we recom-
mend that the user give priority for Cycling Stability by GCD that is more
reliable and produces more key parameters along the n cycles.

2.3. GCD data analysis

For the capacitance, or g/AV value, which is more correct for hybrid
systems, the calculation from GCD data integrates the discharge during
the discharge time (t3), as shown in Eq. (5). The equation is composed of
the amount of storage electric charge g in Coulomb (C), current (i),
potential window (AV), drop potential (Vpyrop), and x for mass (g), area
(cm?) or volume (cm?). This general equation, although more complex,
considers any shape that the discharge curve may present.

2i Td
A / AV dt )
Vox (AV — mep) 0

Notice that the SCAA uses a normalized specific current (A-g’l) from
the GCD input data (see Fig. 2), then x is removed from the equation
within the program. For area and volume normalization the SCAA
multiplies the equation by the mass provided by the user and divides by
the area or volume also input by the user.

The energy takes the integration of the discharge curve times the
normalized specific current (A-g~1) and is adjusted to kg and h for Epqs;
(Wh-kg’l), and just to h for Egreq/volume (Wh-em™2 or Wh-em™3).

i
By === | AVt
3.6 /0 o

i ld
Earal or volume = 7 A~ AV dt
e 3600 /0

The equation for power P, receives the E, and divides by t4 converted

from s to h and is given in units of W-kg™!, W-cm™2 or W-cm >,

©

_E, 3600

P
x 1

@)

The Equivalent Series Resistance (ESR) in Eq. (8) takes the Vgrop from
the difference between the highest charge potential and the highest
discharge potential, right after starting the discharge process. ESR (Q)
accounts for the sum of resistances of the electrode, as well as between
electrode and current collector, and bulk electrolyte.

EsR = Yo ®)
2i

The Coulombic efficiency (CE) takes the ratio of charges extracted
against charges inserted in the SC. As the GCD occurs at constant current
for charging or discharging, the CE is simplified as shown in the right-
hand side of Eq. (9):

A ' fydt 1
CE(%) :A—q"x 100 = f‘),(, M4 100 = x 100 ©9)

9. o ledt 12

where gq is the discharged electrical charge (C) from the SC, q. is the
charged electrical charge (C) to the SC, t. and t; are the charging and
discharging times, respectively.

Similarly, energy efficiency (EE) takes the ratio between energy
discharged (E;) and charged (E.), while voltage efficiency (VE) takes the
ratio between EE and CE. Both equations are presented in Egs. (10) and
(11), respectively.
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Fig. 4. Graphs generated from the CV data analysis by the SCAA. a) CV graph for different scan rates, b) rate capability of specific capacitance, energy and power. C)
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E
EE(%) = Ed x 100

c

EE
— x 100

VE(%) = 25

(10)

1)

The most appropriate form of Cycling stability (CSgcp) obtained from
several thousand GCD cycles is calculated and shown as for CV ones,
using Eq. (4), and considers the percent retention of capacity from the
first cycle (C,—; = 100 %) through the n GCD cycles.

Cn
CSGCD(%) = C

n=1

x 100

2.4. EIS data analysis

(12)

Previous CV and GCD analysis retrieve integral capacitance, while
EIS brings the differential capacitance. Eq. (13) presents the differential
capacitance (C) from the Imaginary Impedance (Z;;,) and frequency (f)
provided by the EIS data and normalized to specific capacitance using

the sample mass (m).

1

Coass = 75— 5
Q2 xf|Zim|) m

13

The time constant (z) expressed by Eq. (14) takes the real impedance

(Zreq) and capacitance (in F):

1

=RC=Zuu 757751
" " @ ()

(14

3. Results

From the CV data, the SCAA returns the following graphs presented
in Fig. 4: voltammogram (Fig. 4(a)), useful for visual differentiation of
the characteristic type of device, a capacitor, or battery-type. This
experiment provides quantitative and qualitative data related to the
electrochemical processes that occur in the electrode material [21,22].
The analysis also provides values of capacitance, potential window,
energy, and power, as well as their rate capabilities (Fig. 4(b)), and
Ragone plot (Fig. 4(c)).

Both energy and power are essential parameters to understand the
performance of electrochemical energy storage devices (EESD), and they
are related and shown in the Ragone plot, which is incredibly important
for performance evaluation of different EESD. By either form, specific
(per unit of mass) or density (per unit of area) or volumetric (per unit of
volume), they show the energy stored in an EESD and the power this
EESD can deliver.

GCD data analysed by the program returns the graphs presented in
Figs. 5 and 6, as well as their respective .txt files. It is important to
observe that although CV and GCD operate on fundamentally different
mechanisms, the metrics derived from their analysis should present
similar values when low scan rate (v) and specific current (i) are
considered, respectively. GCD analysis is a better fit determining the
capacitance, energy, and power.

Through the GCD data, it is possible to obtain the most important
parameters of SCs such as capacitance, potential window, and equiva-
lent series resistance, as well as inferring the values of time constant,
energy and power, in addition to being used for cyclic stability tests.
GCD also provides quantitative information on transport kinetics in SCs,
electrochemical performance, and device efficiency. When analysed in a
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Fig. 5. Graphs generated as outputs of GCD data analysis. a) rate capability of specific capacitance, b) energy and c) power. d) Ragone plot, with specific energy vs
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three-electrode system, the reversibility, capacitance, and potential
window of the active material can be obtained.

Rate capability, either by CV (Fig. 4) or GCD (Fig. 5), measures the
conservation of capacitance/capacity as a function of v (CV) or i (GCD),
where the capacitance usually reduces at increasing v or i. High rate
capability indicates higher accessibility of ions to most of the pores and
surface area of the active electrode material, and a fast kinetics of
electrode processes, such as fast ion/electron transport [23,24]. This
parameter indicates that an improvement may be reached by controlling
the pore size and the specific surface area of the active electrode
material.

As suggested by Noori and collaborators [16], it is of fundamental
importance to provide a more realistic picture of the EESD by showing
the key parameters obtained by GCD normalized by mass, area, and
volume of the active electrode material as well as of the whole package,
which includes supporting components as current collectors, electro-
lytes, binders, separators, and casing. Although Fig. 5 only shows
different parameters normalized to mass, the program provides all the
normalizations - /area (cmz), /volume (cm®) — shown in Fig. S4 of the
Supplementary Material.

Other graphs showing important parameters, such as char-
ge—discharge time, ESR, CE, and EE are shown in Fig. 6. The program
also calculates the mean value of each efficiency parameter. The ESR
value represents the sum of the electrolyte resistance, the contact
resistance between the electrode and the current collector and the
resistance of the electrode itself. The ESR value restricts the speed at
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which a SC can start the loading or unloading process, which implies
that higher ESR values provide lower SC’s performance. Although the
ESR calculated from GCD is not more precise than that one obtained
from EIS, it is one of the generated parameters obtained and displayed to
the user. EE is described as the ratio of electrical energy drawn out from
a device to the electrical energy required to put the energy storage de-
vice back to the same state of charge. Further parameters are present in
Fig. S5 of the Supplementary Material.

Cycling stability analysis results are shown in Fig. 7. Although this
valuable measurement mainly obtained and reported by GCD, the SCAA
also analyses the data obtained by CV for comparison. The user may run
this measurement under different conditions, such as temperatures,
humidity, deformation (in case of flexible or stretchable samples), po-
tential windows and current, to understand the dependence of the cycle
life based in those conditions [25,26]. As a standard protocol for
consistent assessment of energy storage systems, SCs should present
~10,000 cycles, while the hybrid system has a lifetime of around 5000
cycles [27]. Fig. S6 and S7 of the Supplementary material presents more
graphs related to both Cycling Stability tests, by CV and GCD, where
GCD’s presents the variations of C, E, P, ESR, and Efficiencies (CE, EE,
and VE) along the n cycles.

This analysis helps the researcher to understand the possible degra-
dations occurring in the active material induced by corrosion in the cell
components, which decreases capacitance and increases ESR, as a pre-
diction of how the SC will behave in real-world applications, where
thousands of loading and unloading cycles will be performed.

b) Cycling stability (by CV)
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Fig. 7. Cycling stability curves by a-b) CV and c-d) GCD for n cycles. In this study, 5000 cycles were performed for both measurements.



M.H. Boratto et al.
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Fig. 8. Plotting of a) Bode and b) Nyquist plots from EIS data. c¢) Calculated
specific capacitance and time constant. Areal and volumetric capacitance are
also generated by the SCAA and are shown in the Fig. S8 of the Supplemen-
tary Material.

The powerful EIS can provide useful information through its com-
mon Nyquist and Bode plots [28,29]. Besides plotting these graphs, the
SCAA does some further calculations (Egs. (13) and (14)) to display the
normalized specific (areal and volumetric) capacitance and time con-
stant, both plotted vs frequency (Fig. 8). The ESR is also calculated and
displayed together with the Nyquist plot.
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4. Conclusions

In this work we presented a program to facilitate and help stablish
performance metrics in the analysis of supercapacitor devices. The re-
sults were taken from the inputs of CV, GCD and EIS characterizations of
symmetric SCs based on PEDOT:PSS. The Supercapacitor Auto Analyser
(SCAA) performs a relevant contribution to data analysis of the prop-
erties of SCs, quickly showing the key parameters to help researchers not
only improve their initial analysis but also keep standard units,
nomenclature, and equations for calculations. In a few minutes as many
as 50 normalized graphs are generated accordingly with the inputs
provided by the users, displaying the necessary, and of high interest, key
parameters of their devices. The present work can speed up research on
supercapacitors through automation of data analysis, packed in a soft-
ware shared with the community in the supplementary materials and
website www.scaasoftware.com.
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