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Abstract

Supercapacitors (SCs) are high-power energy storage devices with ultra-fast charge/discharge
properties. SCs using concentrated aqueous-based electrolytes can work at low tempera-
tures due to their intrinsic properties, such as high freezing point depression and robustness.
Besides, compressing supercapacitor (SCs) electrodes is essential for minimizing ions’ dis-
tance travel, faradaic reactions, overall ohmic resistance, and improving the energy storage
characteristics. Studies that incorporate ion dynamics into SC electrodes under compres-
sion and low-temperature are still rare. So, the goal of the present Dissertation goal is to
present the ion dynamics of different aqueous electrolytes in electrodes under compression
and low-temperature to track electrochemical and structural changes under mechanical
and thermal stress. The effect of temperature and compression was investigated using
electrochemical, physical-chemical, structural, and Raman spectroscopy under dynamic
polarization conditions. The results demonstrated that ion dynamics are affected by the
compression and are driven mainly by the electrolytes features, such as ionic radii, hydrated
ion size, number of water molecules in the solvation shell, and ionic conductivity. When
the electrode is compressed until the micropores match in dimensions with the electrolyte’s
hydrated ion sizes, the formation of a superionic state is induced, increasing the capacitance
by more than 160%. In addition, the Working Voltage Window (V') increased ~ 50%, while
the specific capacitance (C') decreased ~ 20% when the temperature was reduced from
298 to 263 K. As a result, the specific energy (E = CV?/2) increased ~ 100%. Therefore,
aqueous electrolytes at low-temperature conditions and controlled electrode compression

are promising candidates to improve the energy-storage characteristics in SCs.

Keywords: Compression, Low-temperature charge-storage, Pore size distribution, Ion

dynamics, Supercapacitors.



Resumo

SCs sao dispositivos de armazenamento de energia de alta poténcia com caracteristicas
de carga/descarga ultrarrapida. SCs com eletrdlitos de base aquosa de alta concentragao
podem funcionar em baixas temperaturas devido as suas propriedades intrinsecas, como
alto ponto de congelamento e robustez. Além disso, a compressao de eletrodos de SCs é
essencial para minimizar o deslocamento dos ions, reacoes faradaicas, resisténcia 6hmica
geral, e melhorar as caracteristicas de armazenamento de energia. Estudos que abordam a
dinamica de ions em eletrodos de SCs sob compressao e baixa temperatura ainda sao raras.
Assim, o objetivo da dissertacao é apresentar a dindmica ionica de diferentes eletrolitos em
eletrodos sob compressao e baixa temperatura para identificar mudancgas eletroquimicas
e estruturais sob estresse mecanico e térmico. O efeito de temperatura e compressao foi
investigada usando métodos eletroquimicos, fisico-quimicos, estruturais e de espectroscopia
Raman sob condigdes de polarizacao. Os resultados demonstraram que a dindmica ionica
¢é afetada pela compressao e sao impulsionados principalmente pelas caracteristicas do
eletrolito, como o raio idnico, tamanho do ion, nimero de moléculas de dgua na camada de
solvatacao e condutividade i6nica. Quando o eletrodo é comprimido até que os microporos
tenham as mesmas dimensoes dos ions hidratados do eletrolito, a formagao de um estado
superionico é induzida, aumentando a capacitancia em mais de 160%. Além disso, a tensio
méxima da célula (V) aumentou ~ 50%, enquanto a capacitancia especifica (C) diminuiu
~ 20% quando a temperatura foi reduzida de 25°C para -10°C. Como resultado, a energia
especifica (E = CV?/2) aumentou ~ 100%. Portanto, eletrélitos aquosos em condigoes de
baixa temperatura e eletrodos sob compressao controlada sao candidatos promissores para

melhorar as caracteristicas de armazenamento de energia em SCs.

Palavras-chaves: Compressao, Armazenamento de carga em baixa temperatura, Dis-

tribuicao do tamanho dos poros, Dindmica ionica, Supercapacitores.
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1 Introduction

There has been a long-standing interest in energy storage systems since the
eighteenth when the use o Leyden jars appeared as one of the first sources of energy
storage [1]. Today, SCs are state-of-the-art energy storage. In this sense, the Brazilian
Renewable Energy Solutions group (i.e., where this dissertation was done) has published a
series of essential works concerning the field of SC [2-29] and the field of batteries [30,31].

In fact, SC plays a vital function because it can storage reasonable specific
energy, quickly provide high specific power and higher Freezing-Point Depression (FPD)
[32-36]. Beyond that, the ionic adsorption and desorption of SCs have features that can
provide a long life span of more than one million of charge/discharge cycles [37]. These
excellent performances make the SC perfect for many applications that work at freezing

environmental conditions and do not require substantial energy densities [35, 36, 38].

In contrast, batteries can store huge energy densities but are limited concerning
specific power, cyclability, and working temperature. So, to work around these limitations,
SCs have been used to complement battery storage systems, turning the equipaments more
robust, capable of affording high power, high energy, and providing energy to applications
below zero degrees Celsius [39-41].

Previous work has been limited in addressing the dynamics of solvated ions
in SC electrodes under compression and low-temperature conditions [42-53]. So, several
questions about the application of SCs in compressed and low-temperature environments
remain open in the literature. As a result, the application of SCs in freezing temperatures,
for example, in deep seawater submarines or arctic research centers, is still not very well

explored in the energy storage field due to the lack of studies on the subject.

This study aims to evaluate how low-temperature and compressed electrodes
conditions affect the electrochemical and physical-chemical measurements of the SCs.
In addition, the Dissertation is divided into for general goals to achieve comprehensive
information about the effects of temperature and compression in SCs. In this way, the
first general goal (Chapter 2) describes fundamental concepts to master instrumentation
measurements. This chapter aims to provide peace of knowledge about sources of uncer-
tainty, error propagation, and fundamental electronic notions to help those not familiar

with electrical and electronic concepts.

The second general goal (Chapter 3) describes in a review structure the effect
of the experimental setup and data acquisition parameters on the quality and reliability
of electrochemical measurements for SCs. This chapter seeks to provide a comprehensive

study about how to master electrochemical experiments concerning SCs to avoid errors in
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the measurements. So, Chapters 2 and 3 have an educational function in the dissertation
to prepare those readers inexperienced with electrochemical experiments and electronic
concepts mainly because the energy storage field is a multidisciplinary field composed of
researchers in different areas such as chemistry, physics, and engineering. Besides, Chapter
3 is fundamental for providing peace of knowledge about SCs techniques measurements to

ensure more robust and reliable results in Chapter 4 and 5.

Studies about ion dynamics into different pore size distributions in SC electrodes
under compression are still rare. So, the second general goal concerns evaluating the ion
dynamics of five aqueous electrolytes in electrodes under compression (Chapter 4). In this
way, it is possible to acquire information about the adsorption/desorption of ions in pore
electrodes under compression to manufacture SCs more optimally for high compression
applications. The last general goal (Chapter 5) is to evaluate charge-storage capabilities
and physicochemical properties of SCs under low-temperature conditions (T < 0°C) using

mesoporous carbon-based electrodes and concentrated aqueous-based electrolytes.

Chapter 5 predicts that compression and temperature are highly associated
with parameters such as capacitance, Equivalent Series Resistance (ESR), Equivalent
Distributed Resistance (EDR), power density, energy density, Working Voltage Window
(WVW), the pore size distribution of the electrode, and conductivity/viscosity of the
electrolyte. The capacitance and ESR are modified according to the compression applied,
with a point of maximum capacitance achieved at an ideal compression level. In addition, it
is presented the possibility of increasing the working voltage windows at low temperatures
due to a superior free energy required to promote water-splitting. So, an SC at low
temperature and controlled compression conditions could improve the energy density of

the SC due to an increase in capacitance and WVW.

To test the hypothesis presented above, series of electrochemical, physicochem-
ical, morphological, and Raman spectroscopy analyses are performed to shed light on the
vital SC features influenced by the temperature and compression. Moreover, a detailed
introduction of each chapter is presented in the following subsections containing the specific

goals and results of the general goals discussed above.

1.1 Electrochemical Instrumentation and Misled Configuration of

Supercapacitors

There has been a long-standing interest in energy storage devices [54,55] as they
play a fundamental role in transportation electrification, which may become a potential
key factor in reducing emissions of greenhouse gases to minimize global climate change [38].
Nevertheless, Energy Storage is a complex and multidisciplinary field [32] and, as a result,

it requires the knowledge of different areas such as physics, chemistry, microelectronics,
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materials sciences, among others [56], especially when concerning experimental verification
and practical studies. Such multidisciplinary and experimental research field requires

reasonable know-how on areas that are outside the specialty of the researcher.

One example is a bachelor’s in chemistry who needs to understand concepts
on electronic engineering before performing electrochemical analysis by the means of a
potentiostat. Nowadays, innovative studies in higher education that include the proposal
of approaches in learning and teaching including multidisciplinary aspects in present
educational processes can be widely found. However, a complete multidisciplinary teaching,
which should include complex human aspects, is still far from being a common reality [57—
61]. Even in a university like Unicamp, which was created to be essentially interdisciplinary
(see "O Conceito de Universidade no Projeto da UNICAMP"', Fausto Castilho, ed. Unicamp,
2008, in portuguese) [62].

Concerning SCs, several review papers have received huge attention, especially
those that put the bodies of knowledge from different fields together to interpret SCs
phenomena and to propose a correct explanation of the results [63-72]. Nonetheless,
the aforementioned works are limited for including only simple descriptions related to
electrochemical measurements with minimum details on procedures for instrumentation
setup. Consequently, the findings listed by the previous works become more difficult
to be reproducible and correctly interpreted by researchers who have basic expertise
and familiarity with electrochemical analytical measurements [73]. Moreover, the lack
of information on measurement procedures may conceive some systematic errors in the
experimental measurement. Non-identified systematic errors may lead to an incomplete
or incorrect collection of experimental data, which could be related, in some cases, to a

misleading report of research novelty or contribution.

The present Dissertation aims to describe and propose based on Chapter 2
and 3 guidelines on how to perform electrochemical measurements of SCs properly. An
aqueous electrolyte-based symmetric SC with electrodes of Multiwalled Carbon Nan-
otubes (MWCNT) is measured and characterized by the means of a robust selection of
electrochemical analytical methods for SC measurements, namely Cyclic Voltammetry
(CV), Galvanostatic Charge/Discharge (GCD), Single Potential Step Chronoamperometry
(SPSC), and Electrochemical Impedance Spectroscopy (EILS). The effects in experimental
measurements of voltage and current range, bandwidth, sampling interval, and delay

interval for each method are analyzed.

Careful analysis shows that inappropriate configuration of both hardware and
software of the measurement instrument can jeopardize the integrity of measurement
results. Consequently, measurements results become misleading and may not explain a
feature of SC correctly, may ruin the verification of a theoretical hypothesis, or may

produce distorted and biased scientific evidence. On the other hand, the Dissertation lists
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and explains practical solutions to mitigate the problems mentioned previously. Discussions
on stochastic errors caused by electromagnetic interference, environmental conditions, and

wrong intervals plots are highlighted as well.

1.2 Supercapacitors Electrodes Under Compression

Many ideas about raising energy storage have been proposed in the last decade
as increasing the WVW, decorating the electrodes with composites that adding faradaic
process (i.e,. the reduction or oxidation reactions of chemical substances at the electrode
surface), enhancing the porous electrodes, and applying the correct assembling [56, 74—
78].The last one can be improved concerning proper compression levels to ensure good
electric contact between the current collector/electrode interface, which avoids interfacial
impedance [63,79-83].

Besides, the correct electrode compression can also improve the porous elec-
trode’s performance by minimizing ions’ distance travel into the electrode, improving
the electrode conductivity and ions’ diffusion resistance to access the porous struc-
ture [45,84-91]. On the other hand, studies of the ion dynamics into different pore
size distribution in SC electrodes after applying compression are still rare, as point out by

Lahrar and co-workers [92].

Several studies have shown that compressing the electrodes can improve the
capacitance and ESR [42-48]. However, these works only focused on the electrochemical
response without considering the pore size distribution changes after compressing the
electrode. For this reason, this paper presents an ion dynamics study into different pore

size distributions in supercapacitor electrodes under compression.

There are two hypotheses: 7) the superionic state occurs only when the pore’s
size has approximately the ion size for ionic electrolytes. However, ionic electrolytes do
not present a solvation shell; i7) the maximum capacitance appears due to a superionic
state reached when the pore’s size fits with the hydrated ion size in the case of aqueous
electrolytes. These hypotheses present a new approach that combines scanning electron
micrographs and nitrogen adsorption/desorption analysis to evaluate the porous electrode’s
structural modifications with electrochemical measures to better describes the effects of
compression and the ion’s dynamics into different pore size distribution in supercapacitor

electrodes.

1.3 Dynamics of Supercapacitors Below Zero Degrees Celcius.

This section and Chapter 5 reproduce the published scientific paper in the

Journal of Energy Chemistry (Figure 1.1), "Boosting energy-storage capability in carbon-
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based supercapacitors using low-temperature water-in-salt electrolytes" [93]. The authors
retain the right to include it in the dissertation. In addition, if a reader wants to cite the
study presented in this section or Chapter 5, it is required to cite the paper published in
the Journal of Energy Chemistry [93].

Boosting energy-storage capability in carbon-based supercapacitors using low-temperature water-in-salt
electrolytes

Author: Jodo Pedro A. Santos,Manuel J. Pinzén, Erick A. Santos,Rafael Vicentini,Cesar J.B. Pagan,Leonardo M. Da Silva,Hudson Zanin
Publication: Journal of Energy Chemistry

Publisher: Elsevier
Date: July 2022

© 2022 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by ELSEVIER B.V. and Science Press. All rights reserved.

Figure 1.1 — Boosting energy-storage capability in carbon-based supercapacitors using
low-temperature water-in-salt electrolytes.

Batteries and SCs are the main energy storage devices used in several techno-
logical applications. At low temperatures, batteries lose a significant part of the stored
energy due to the intrinsic reduction in the charge-transfer kinetics, ionic conductivity
between the electrodes, and mass-transport limitations during the surface and/or interca-
lation reactions [34]. On the contrary, at low-temperature (e.g., near-freezing conditions)
conditions, SCs can perform much better than batteries due to the electrostatic nature
of the energy storage process, the short distance separating the negative and positive
electrodes, and the absence of mass transport by diffusion, (i.e., the ionic transport occurs
solely by migration). Therefore, in some applications, batteries can be replaced by SCs, [32]
as in the in-space avionic, astronomical observatories, high altitude aircraft, and several

other electrical systems used in the polar regions [34].

Several studies have pointed out the possibility of increasing the FPD to
temperatures lower than -25°C using Water-in-Salt Electrolytes (WISEs) [43,49-53]. This
approach uses highly concentrated salt solutions to decrease the number of free water
molecules present in the solvent, i.e., those molecules not involved in the hydration process
of the dissolved ionic species [76]. As a result, the cell voltage ( V), corresponding to the
electrolyte stability, can be increased (e.g., V > 1.23 V) since the onset of the water-
splitting reaction is displaced to more positive voltages when the molal osmotic coefficient
(gw) of the solvent is strongly reduced at high ionic concentrations. Therefore, at least in
principle, the use of WISEs can increase the WVW in SCs [77].

Despite these considerations, a literature survey shows that previous works
have been limited to addressing the correlation between the SC typical characteristics,
such as WVW, specific capacitance (Cgpec), specific energy (Fypec), and equivalent series
resistance (R.s-) at moderate freezing conditions [43,49-53]. On the other hand, at high
temperatures (e.g., > 65°C), it is pointed out the necessity of controlling the WVW as
a function of the temperature to reduce the excessive electrolyte decomposition and the
lifetime of SCs [94,95].
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From the above considerations, for the first time, this Dissertation reports
the effect of using a low-temperature WISE system (e.g., NaClO4 17 mol kg (17m)) on
the overall performance of the energy storage process exhibited by a mesoporous carbon
buckypaper supercapacitor in the symmetric configuration. Different electrochemical
techniques and the in-situ (or operando) Raman spectroscopy under dynamic polarization
conditions were used to address the main phenomena affecting the energy storage at reduced
temperature. As will be seen, promising findings were obtained at reduced temperatures,
as is the case of specific energy. Therefore, low-temperature WISEs are good candidates

for special applications involving carbon-based SCs.
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2 A Review on Electrochemical Instrumenta-

tion for Supercapacitors

Chapter 2 focuses on instrumentation topics, including hardware and software-
related most common sources of errors, which must be appropriately identified to provide
mitigation alternatives. Understanding instrumentation and basic electronic concepts of
potentiostats to evaluate electrochemical devices” performance is fundamental to obtaining
reliable experimental data. Based on that, the goal of Chapter 2 is to provide a review of
electrochemistry instrumentation to help those interested in performing SCs measurements
with accuracy, precision, resolution, and the correct installation to prevent random and
systematic errors, as well as reinforce these concepts to improve the electrochemistry
results in the following chapters. As potentiostats and SCs have specific and different
features among them, all parameters need to be individually set for each situation. In this
way, a unique 'recipe" (i.e., use the standard configuration of the potentiostat) to perform
an accurate experiment is not a reasonable approach to ensure reliable measurements.
For this reason, it is seen that reviewing these concepts is fundamental to ensure reliable
electrochemistry measurements, especially for the results presented in the following chapters
(i.e., Chapter 3,4, and 5) of the Dissertation.

2.1 Accuracy and Precision in Electronic Instrumentation

When several measurements are done for the same quantity through any sensor,
the resulting values are not the same for every measurement due to uncertainties from the
measurement equipment and the equipment configuration. Furthermore, other external
factors, such as mechanical vibration, temperature change, or electromagnetic noise due
to other nearby electronic equipment, also induce deviations in the resulting value from
the actual quantity. Usually, a sensor is characterized by its reliability, accuracy, and
precision. A sensor that can detect a given quantity with low deviation is reliable. A sensor
is accurate if the measured value is close to the corresponding true value. In other words,
an accurate sensor shows no systematic errors. Finally, the sensor is precise when it is
both reliable and accurate [96].

Figure 2.1 (a) illustrates the concepts of accuracy and precision of a measure-
ment. Where accuracy is the closeness of the parameter measured concerning the real
value and precision is the level to which a measured value presents identical results at
invariable conditions [97]. Figure 2.1 (b) illustrates the concept of resolution. The resolution

is the minimum variation of a quantity that a sensor can detect then produce an output
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signal [98,99]. As an example, in Chemistry graduated volumetric pipette can be considered
a “sensor.” Therefore, a 1-mL graduated volumetric pipette has a higher resolution for
measuring an electrolyte of 0.5 mL than a 20-mL graduated volumetric pipette. It should

be noted that resolution has no relation to the accuracy of a measurement [100].

a)
b)

Low precision High precision High resolution
High acurracy High acurracy

lllCl'CﬂSillg accuracy

Low precision High precision Low resolution
Low acurracy Low acurracy
{

Increasing precision

Figure 2.1 — Tllustration of the concept of accuracy, precision, and resolution. (a) Accuracy
and precision. (b) Resolution for a measurement with high accuracy and high
precision. Figure adapted from [99].

2.2 Analog-to-Digital Converters and Resolution

A potentiostat detects voltage and current analogically. Figure 2.2 shows a
simplified schematic of a potentiostat. The potentiostat is electronic equipment capable
of executing a variety of measurement techniques, and it is widely used to evaluate the
performance of electrochemical devices [101-104]. This basic electronic circuit is composed
of a signal generator responsible for generating the user-defined perturbation signal, a
signal-conditioning circuit based on a control amplifier, an electrometer for measuring
electrical charging, and a current-to-voltage converter, which acquires current I through
the device by measuring the voltage on the resistor Reense. After acquiring both current
and voltage, the potentiostat packs the raw data and transmits it to the computer to be

processed by the potentiostat software [105].

Once that modern electrochemical equipment is digital, voltage and current
detected by the potentiostat circuit in Figure 2.2 are discretized (or digitalized) periodically
and stored as bits in the memory of a computer. By doing it, it is possible to perform
mathematical operations with the data, store it in digital media, and transmit and share
the data easily. The conversion of analog signals to digital signals (e.g., representing
values of current or voltage through bits) inside the potentiostat is performed by the
Analog-to-Digital Converter (ADC). When necessary, the opposite process is performed
by a Digital-to-Analog Converter (DAC), which transforms a user-defined digital value
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Figure 2.2 — Simplified electronic schematic of a potentiostat. Figure adapted from [105].

to an analog variable [106]. The ADC cannot convert a quantity “infinitely,” therefore a

resolution of its measurements can be defined by

1

Resolution = [,.s * <2nb_1> , (2.1)

where (,¢¢ is the full-scale range and nb is the number of bits available to represent the
measurement. For example, if the scale ranges from 0 to 100, a 10-bit measurement has
100/1023 ~ 0,098 resolution. The resolution of the potentiostat is fixed (usually higher
than 10 bits). Hence, users only need to configure the correct reference value (current or
voltage). When a potentiostat is used to find some features of an electrochemical system,

it is basically measured the voltage and current in the function of time or frequency.

So, based on these data is possible to find the behavior of a system concerning
a perturbation. Otherwise, some tests require different magnitudes of current or voltage to
evaluate a specific response properly (e.g., leakage current and power). Then, a potentiostat
usually has several ranges of voltage and current for reading a variable at different
magnitudes without losing resolution. Beyond, as the analog signal is continuous in time,
it is necessary to convert it into a specific interval to have a reliable representation. This
rate of the measured value is called the sampling rate of the converter. According to the
Nyquist-Shannon sampling theorem, to obtain a genuine reproduction of the original
signal, it is necessary to sample the signal with at least twice the maximum frequency of
the fundamental signal [96, 100].



CHAPTER 2. A REVIEW ON ELECTROCHEMICAL INSTRUMENTATION FOR
SUPERCAPACITORS 33

For electrochemical measures of SCs, the sampling rate is fundamental to ensure
proper modeling. In principle, one might imagine that high sampling rates limited to short
acquisition time intervals might be the best choice. However, it is incorrect because the
equipment will produce unnecessary data, making raw data manipulation difficult. So,

there is also not a recipe that can be followed to produce reliable data.

2.3 Sources of Experimental Uncertainty in Electronic Scientific
Equipment

From a straightforward point of view, uncertainty is the expected maximum
absolute difference between the measured value and the true value. This simple definition
is frequently overlooked in experimental reports dealing with state-of-the-art scientific
research. Even though it may be seen as counter-intuitive, the “true value” of a measurement
is actually not known yet, being a reference value from simulated results or even an
approximation. Consider for instance the execution of a EIS for a novel supercapacitor
under study. After the experiment is performed and the parametric fitting is done, the

obtained results could be benchmarked to existing experimental literature.

Systematic errors affect the accuracy of a measurement, resulting in measure-
ments that divert from the true value consistently. In other words, systematic errors yield
measurements different from the true value by the same amount, contributing to the total
uncertainty. Systematic errors may be a function of experimental parameters and condi-
tions. As the potentiostat is central scientific equipment for performance characterization
of SCs, one should be especially concerned with its periodic calibration. In fact, lack of
proper calibration may be responsible for errors in several measurements even along the SC
preparation and assembly, such as in analytical weight scales used for mass measurements
of electrodes and electrolytes. The measurements are later used to calculate specific energy
(W h kg!), specific power (W kg!') and the establishment of gravimetric current (A g!)

for performance assessment of the SC.

Random errors, on the other hand, can be addressed by replicating a mea-
surement and performing mathematical operations on the collected data, such as simple
averaging or more specific methods, so that the presence of random errors becomes unlikely
or negligible. This occurs because random errors are caused mainly by chance, slight fluc-
tuations in environmental conditions, and instrument conditions or installation, appearing
not consecutively or consistently. It is in the best interest of researchers and laboratory

staff to keep error sources under control and very well-known.

It is in the best interest of researchers and laboratory staff to keep error sources
under control and very well-known. Following is a list of non-obvious systematic or random

error sources in electronic scientific equipment.
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2.3.1 Temperature Fluctuations

Temperature fluctuations on the sample under test occur due to poor tem-
perature control of the test room or because the sample (supercapacitor, for instance)
generates heat not properly dissipated to the surrounding medium. This is not uncommon
in current- or power-intensive experiments with neither stable nor controlled temperature
conditions. In such a situation, the environmental temperature rise may lead to an in-
crease in the overall temperature of the sample, which may change the supercapacitor
equivalent electrical resistance (usually decreasing it, as the temperature coefficient is
typically negative). For low-power experiments, such as the evaluation of self-discharge
current, generally, temperature affects the discharge rate, so error propagation may be

large since experiment duration is very long (hundreds and thousands of hours).

Temperature also causes variations of open circuit voltage, which are hard to
be quantified if the increase of thermal energy is not accounted during the experiment
properly. In this case, it is necessary to determine the entropy coefficient (mV/K) of the
under-test supercapacitor previously as a function of state-of-charge and to control and
monitor room/chamber temperature tightly so that temperature variation can be analyzed
after the experiment correctly. Finally, one must be aware of the temperature sensor’s
calibration (precision and resolution) by choosing the adequate sensing technology (e.g.,

thermocouple, negative/positive temperature thermistors).

2.3.2 Equipment Installation

Unexpected results can be produced by electromagnetic fields created by
electronic equipment nearby the electrochemical cell and the potentiostat or connected to
the same electrical mains. The disturbance may reach the potentiostat either by radiated

or conducted electromagnetic noise [107,108].

Radiated FElectromagnetic noises are likely to be produced by nearby equipment
operating above 30 MHz, such as electronic lamps and other circuits with inverters. The
radiated noise has a very large frequency bandwidth, which increases the chance of coupling
with ongoing experiments. Fluorescent lamps and switched-mode power supplies may also
produce enough radiated disturbance to be noticeable in a potentiostat, although it is

usually in a narrower frequency range and intensity.

To minimize the effects of radiated electromagnetic noises is recommended: (7)
to install and to position the potentiostat and the electrochemical cell far from potential
sources of radiated electromagnetic noise; (i) to avoid unshielded electrical cables for
connection of electrochemical cells [73]; and (447) to insert the electrochemical cell within a
faraday cage to avoid effects by the electromagnetic fields produced by the potentiostat

itself, especially in low current experiments. These cares must be taken mainly in ultra-low
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voltage and current experiments because the measurements are significantly affected by
background noise. The Signal-to-Noise Ratio (SNR) of measurements is expressed as SNR
= (u, / o) where p, is the expected value and o the standard variation of the noise. SNR

should be evaluated before preparing the experiment.

Conducted Electromagnetic noises may cause interferences in measurement
equipment or in the sample under test by the mean of the conductors connected to the
electrical mains. Switched-mode power sources with low power factor in equipment or
tools, such as lamps and motor drivers, may produce harmonic-distorted currents, which
contaminate the electrical mains voltage that feed the potentiostat. The eventual presence
of distorted electrical mains voltage may lead to a poor-quality waveform during a frequency
sweep performed in a EIS experiment, for instance. Although theoretically possible, filtering
the distortion from experimental results is a too complex task since the potentiostat is not
supposed to estimate the possible frequencies of the electrical mains voltage. Significant
measurement errors may result from delays in signal propagation, couplings, current loop,
signal reflections, common mode current, high-frequency harmonics, and so on [107,108].
Whenever possible, it is important to add line filters between the equipment and the
electrical mains and to avoid plugging other equipment to the same outlet or circuit to

which the potentiostat is connected [73].

Finally, characteristics of an electrochemical device, such as SC, are highly
dependent on its initial state of charge. So, it is fundamental to define and to know the
initial state of the SC. Experiments, such as CV, SPSC, GCD, or EIS, unveil different
profiles of a device for different initial voltages. For these experiments, the initial state
must always be defined as fully discharged (i.e., no voltage in the terminals of the device)
for proper measurement of the SC features. So, a routine procedure is necessary to assure
the complete discharge of the device between the measurements, so the initial state is the
same for all measurements. For example, the initial voltage in the SPSC experiment drives
the maximum current and the final current over some time, so any residual voltage at the

beginning of the procedure modifies the response.

2.4 Error propagation in electrochemical measurements

As previously discussed by Da Silva et al., using different electrochemical
methods to characterize SCs can significantly affect the definition of specific capacitance,
ESR, and energy density [32].

1. In the CV case, the integral method applied to determine the specific capacitance
can be affected by changes in the CV profile caused by the ESR. For example,

different scan rates change the number of electrolyte ions adsorbed in the micropores,
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affecting the formation of the electric double layer and consequently the capacitance

measured.

2. In the EIS case, in the existence of frequency dispersion and distributed capacitance
effects, there is no way to determine only one capacitance value. Also, inadequate
equivalent circuits are constantly used, leading to erroneous conclusions. It can be
seen when a porous behavior related to a phase angle close to 45° is interpreted as a
Warburg element [32].

3. In the GCD case, a common mistake occurs because slight deviations from the
ideal triangular profile cause several errors in the specific capacitance calculus. For
instance, when a battery-like behavior is seen on the profile, a simple algebraic
equation can no longer accurately determine the specific capacitance. In this case, to
avoid misinterpretation on the energy and power density calculus, a new approach

must be used to find the energy storage and dissipated based on the irregular curves

of the GCD.

Besides, the calculus of some important SCs parameters in the area of material
science is strongly dependent on the weight as specific capacitance, energy, and power
densities (i.e., F g'', Wh kg!, and W kg!, respectively). Some researchers use the weight
per active material (e.g., carbon-based materials, metal-oxides), especially when it is
necessary to determine the materials’ features. In contrast, researchers from engineering
applications use the whole weight of the cell (i.e., current collectors, electrolyte, separator,
binder, connectors, and packaging) and carbon-based materials to evaluate the application
of the energy storage device as a whole and not just the material used. Both are correct,
but the way it is done needs to be very well described in the methods, and the authors

need to understand when it is correct using each method.

A common mistake found in the literature concerning SCs is the lack of
information concerning how the normalization of SCs is done. Sometimes, high values of
energy and power densities in the materials field are seen in research papers as a novelty.
However, if it is not investigated well, good results are seen only due to an error in data
normalization. For example, in the materials field, if the mass of metal-oxide material
used to decorate electrodes of pseudocapacitors is the only mass considered to calculate
the energy density instead of considering the mass of the carbon-based electrodes plus
the metal-oxide material and error of normalization will be present. This error in the
materials field can overestimate the energy and power densities by a factor higher than
four, especially when only a thin film of metal-oxide material is added to a vast mass of

activated carbon.
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2.5 Concluding Remarks

Testing energy storage devices may sound like an easy task. However, it involves
essential electronic concepts that must be known, so the characterization process unveils
precise and reliable measurements. Electrochemistry measurement of SCs is not an easy task,
predominantly when those engaging in the topic are not familiar with electric/electronic
engineering concepts as conducted/radiated electromagnetic, ADC or resolution. So,
this chapter provides accessible and referred instructions for beginner-level users of such
instrumentation to perform SCs reliable measurements. Based on concepts such as accuracy,
precision, resolution, and the proper understanding of electromagnetic effects to prevent
random and systematic errors. Furthermore, the concepts described in this chapter are
fundamental for providing a robust strategy to turn the results seen in the following

chapters robust and trustworthy.
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3 How the Measurements of Supercapacitors
are Affected by Misled Configuration of

Electrochemical Equipments

The present chapter discusses important aspects of experimental characteri-
zation of SCs through a series of well-known electrochemical methods. It is noted that
numerous published papers claim discoveries concealing or neglecting some vital infor-
mation related to the electrochemical instrumentation setting (e.g., as briefly introduced
in Chapter 2) and apparatus used. The lack of such information may lead researchers,
especially the inexperienced ones, to misinterpret procedures and results. Eventually, the
eventual misled configuration of electrochemical equipment due to misinterpretation of

measurement, procedures may result in low reproducibility rates.

In this way, this chapter aims to evaluate, analyze and estimate a series of
experiments, namely CV, GCD, SPSC, and EIS based on the measurement of an aqueous
electrolyte-based symmetric SC with electrodes of MWCNTs at different parameters to
demystify results caused by incorrect configuration. The correct understanding of these
techniques and how to set them properly is fundamental to equalize the contributions
in the field and ensure reliable results in Chapters 4 and 5, leading to a more consistent
evolution of the SCs.

3.1 Materials and Methods

All electrochemical results are based on symmetric SC soaked in an aqueous
electrolyte (1 M of LiCl). The symmetric carbon electrodes are Buckypaper (BKP)
composed of MWCNTs model Ctube-120 from (CNT Co., Ltd., South Korea). The BKP
electrode preparation process had been presented in detail elsewhere [109]. In brief, a
suspension containing MWCNTs and sodium dodecyl sulfate (Sigma-Aldrich, CAS-No:
151-21-3) (1:10 wt.% ) was dispersed in deionized water and ultrasonicated for 30 min.
After, the suspension was filtered with a controllable volumetric flow rate to produce a
wafer [109]. Finally, to obtain the BKP electrodes, the wafer was washed, vacuum dried for
3 hours, and cut to 10 mm in diameter. In Figure A.1, it is possible to see the morphological
structure of the MWCN'Ts electrodes. In addition, Figure A.2 has presented the nitrogen
adsorption/desorption isotherms for MWCNT.

Electrochemical experiments were carried out with symmetrical two-electrode

system using a standard CR2032 coin cell containing the BKP electrodes separated by
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a membrane soaked with 1 M LiCl as electrolyte. Figure 3.1 (a-c) presents a schematic
representation of this system. The electrochemical techniques applied were CV, GCD, EIS,
and SPSC. All measures were performed using a model SP-200 potentiostat from Biologic.
The CV was done at different scan rates (1 to 500 mV s'). EIS was conducted in the
range of 100 kHz to 10 mHz. GCD was executed at gravimetric currents in the 0.125 to 32
A gt interval. Finally, SPSC was set for a single potential step of 2 min.

a) Cap

<>

spacer

electrode ~

separator

~ electrode

spacer

=

Can

Figure 3.1 — (a) Schematic representation of the CR2032 coin cell used in the electrochem-
ical analyses. (b and ¢) The BKP electrodes of MWCNT.

The maximum working voltage windows were set at 1.2 V for all techniques due
to their electrochemical instabilities at higher electrical potentials. The other parameters
modified to perform the measures are discussed in the results. The SC is discharged every
measurement cycle to force a constant initial state. Then, SPSC routines at zero volts
were done between all the experiments for two minutes to discharge the SC completely
(i.e., discharge the SC). So, all the measures are presented concerning a non-charged initial

state.

Here in this chapter, all figures are not normalized by the device’s mass to
facilitate the identification of the correct configuration parameters (i.e., range of current).
It is not usually done in the scientific community. However, in this study, it is done as
an instructive, pedagogical strategy to facilitate comprehension. Furthermore, to avoid
misinterpretation of data caused by drastic changes seen at the first cycles, the devices

were cycled ten thousand times before the experiments presented in the results.
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3.1.1 Cyclic Voltammetry

CV is a versatile and well-established method in electrochemistry that supports
the investigation of the electron transfer process in electrochemical systems [110]. Concern-
ing SCs, the CV is a robust quantitative and pseudo quantitative technique that allows
determining ion dynamics processes in the electrode/electrolyte interface, capacitance,
correct WVW, and faradaic reactions. The CV is performed by applying a linear voltage
while the current response is measured in a determined range of points [111]. The CV
plot result provides several pieces of information about the reactivity and mass trans-
port in function of the voltage applied. In SCs, the energy can be stored in the Electric
Double-Layer (EDL) interface, the bulk of the active material (e.g., Faradaic reaction), or
both [112,113].

The CV is carried out by applying a linear controlled voltage between the
reference and working electrode. This linear voltage is controlled by a defined scan rate, and
as a result, the current flows from the counter electrode to the working electrode [110,111].
Thus, based on the area of the voltammogram produced and the feature of the measure is
possible to calculate the capacitance by

[idU

_ 3.1
vx AU xm’ (3.1)

where ¢ is the current, v; and v, are the potential window that limits the integral, v is the

potential scan rate, AU is the WVW, and m is the mass of the electrode material [1].

Based on Equation (3.1), it is possible to see that the measured capacitance
is highly influenced by the scan rate, especially to high scan rates. Redox processes are
omitted when the scan rate is high (v— o0), reaming only capacitive charge storage
because faradaic reactions are slower than scan rate. On the other hand, the time constant
is suitable for the faradaic processes when the scan rate is nearly zero (v~0). Then, it is

possible to observe both process’s faradaic and electrostatic at low scan rates [1].

The quasi-rectangular profile of current/voltage is usually found for SCs. From
a theoretical point of view, the capacitive current I. of the CV profile shown in Figure 3.2

(a) can be described by the following equation as

IC = CEDL [1 — exXp < _AU >‘| s (32)

Rpsp * Cgpr x v

where R, is the equivalent series resistance and C.g4 is the electric double layer capacitance.

On the other hand, when some irreversible faradaic reactions and/or battery-
like reactions are occurring, the CV profile is according to the Butler-Volmer’s model. For

the anodic scan, the capacitive and faradaic current /¢, are described as
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Figure 3.2 — (a) Theoretical aspects of a CV profile where the capacitive and faradaic
contribution are evidenced. (b) CV with different scan-rates to evidences the
differences on the shape. Figure adapted from [7].
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where Ijq) is the anodic exchange current density measured at the electric potential related
to the oxygen evolution reaction Upy(oer), Qo is the anodic charge-transfer coefficient, R is
the universal gas constant, and T is the absolute temperature and F' is the Faraday’s

constant.

For the cathodic scan, the capacitive and faradaic current of the CV profile is

given as

—AU
Rgsr * Cgpr x v

ayF (U - UO(HER))
RT '

—I =Ic+1p = —Cgpr*v [1 — exp <

>] +1o() €xp
(3.4)

where Iy is the cathodic exchange current density measured at the electric potential
related to the hydrogen evolution reaction Upeery and oy is the anodic charge-transfer

coefficient.

As predicted by Equation (3.2), the influence of the R,y on the CV quasi-
rectangular profile of SCs is evident. Likewise, with Equations (3.3) and (3.4) it can
be noted that the exponential increase in anodic and/or cathodic currents is related to
irreversible faradaic processes, which becomes an important tool to determine the WVW
of SCs. Moreover, as these processes happen in different constants of time, it is possible to

see their influence in the voltammogram applying a wide range of scan rates, as presented
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in Figure 3.2 (b). Concerning EDL charge mechanisms, the voltammogram will present a

rectangular shape for a low scan rate, while faradaic reactions will present peaks.

The voltammetry charge ¢(v) calculated by the integral of the CV profile, can
be separated into two parts (g and g;,) for real SCs due to the faradaic (i.e., electrolyte
and electrode decomposition) and EDL process. Where gegpacitive 1S the capacitive charge
storage processes, o is the charge stored on the outer surface of the electrode and accessed
by the electrolyte, and ¢;, is the inner voltammetric charge representing the adsorption
and desorption of ions on the pores, boundaries, and cracks [1]. As ¢;, is proportional to

Vv, q(v) can be expressed as

1

d(v) = q(out) + d(in) = Y(capacitive) + kﬁ (35)
a) b)
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Figure 3.3 — Equivalent circuits for different CV profiles. (a) Ideal capacitive behavior, (b)
inclined, (c) typical SC behavior combining Cty and R, and (d) irreversible
faradaic reactions combining C.y, R; and R.,,. Figure adapted from [63].

As in the case of EIS data (see further discussion), it is possible to correlate
de CV profile with electric circuits and their parameters. Thus, typical electric circuits
and their corresponding CV are presented on the schematic in Figure 3.3. Here, based on

the CV shape, Figure 3.3 (a) shows the expected ideal capacitive behavior, Figure 3.3 (b)
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ideal capacitive with an inclination caused by a faradaic charge transfer resistance R; in
parallel, Figure 3.3 (c) exhibits a typical SC behavior combining C.q and R, and Figure

3.3 (d) presents the irreversible faradaic reactions combining Cey, R and R, [63].

3.1.2 Chronopotentiometry

Chronopotentiometry (CP or Galvanostatic charge/discharge, GCD, the other
name for the same technic) is a transient technique that provides fundamental SC pa-
rameters such as energy storage, ESR, EDR, cyclability, rate capability, and coulombic
efficiency [114-119]. The GCD analysis applies a constant current during the charges and
discharges while the voltage is measured. The capacitance is constant in time and depends
only on the applied potential. So, the charge and discharge profiles are linear and can be

expressed by

U=t_, (3.6)

where ¢ is the current applied.

In contrast, for SCs, the response can be non-linear depending on the storage
mechanisms, and this deviation is usually seen in Pseudocapacitors (PSCs) and hybrid
systems [120, 121]. Besides the storage mechanisms, the GCD profile can also be driven
by the current applied. At high current densities, faradaic processes are mitigated due to
the insufficient constant of time for the transport of charge happening properly. So, the
storage of ions in the EDL will be the majority approaching the curve to a linear plot
even for PSCs. On the other hand, as in CV analysis of low scan-rate, the GCD profile
will represent the sum of electrochemical processes in the device at low current density.
Then, a SC will continue linear while hybrid systems and PSCs will describe a non-linear

profile because the kinetic control of a single reversible reaction is not a linear voltage
function [38, 55,122].

The capacitance of the SC can be obtained with good accuracy through the
GCD curve. So, for an SC that shows only charges storage on SC, the capacitance can be

expressed by

c="= (3.7)

where At is the interval of time for charge (or discharge) the SC and AU is the correspond-
ing voltage variation. (Note that AU is the result of the subtraction of the drop voltage
at the beginning of the charge/discharge curve from WVW. See Figure 3.4(a)). For GCD
measures that present a nonlinear plot, the capacitance needs to be found calculating the

area of the discharge profile with
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The drop potential seen at the beginning of the discharge on GCD plots
represents the R, (i.e., electrolyte resistance, cables resistance, and electrode resistance)
and R4 (i.e., ions’ resistance to accessing the pores of the electrode). The graphical

difference between both can be seen in Figure 3.4 (a).

a) b)
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Figure 3.4 — (a) Parameters of galvanostatic curve used to determine the R,y and R, .
(b) GCD profiles with different gravimetric currents.

Based on that, it is possible to represent R, and R.q4. as

AU&ST‘

Rpsp = T (3.9)
AUu r

Rppr = 2Z.d ; (3.10)

where AU, and AU,q,. are the drop voltages caused by the R, and R.4. in the discharge
curve of the GCD. As can be seen in Figure 3.4 (b), the greater the applied current,
the greater the voltage drop on the internal resistances. The drop voltage is seen as a

perceptual of energy lost in the system to charge and discharge the SC [123-126].

3.1.3 Single Potential Step Chronoamperometry

Single potential step chronoamperometry SPSC is a technique in which a
single or double voltage step is applied, and the current is measured as a response over
time. The resulting current response depends of the electrochemical characteristics of
the SC (i.e., EDL and faradaic) [33,127-129]. The profile plot of Chronoamperometry
(CA) measurements allows the identification of electrolyzed species, the ratio of peak
oxidation and reduction current, the transfer of charge, ESR, leakage current, and energy

storage [130]. Figure 3.5 illustrates the SPSC current response of a (a) typical SC without
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leakage current; (b) current vs. time considering the existence of leakage current and; (c)

excitation waveform of SPSC experiment.
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Figure 3.5 — Chronoamperometry experiments in two different situations: (a) without and
(b) with leak current contribution. (¢) The excitation waveform of an CA
single-step experiment.

For electrostatic SCs, the equivalent circuit can be represented by a resistor in
series with a capacitor circuit, and the current .4 decay in function of time is described
by

.t
iEDL = Z'06( RESRCEDL), (3.11)

where I is the current in the exact moment when the potential is applied. The voltage on
the SC (Us.) increases exponentially as time progress, and it is a function of the WVW as
described by

Usc = (WVW) 1-— 6(_ RESRCEDL), (3.12)

The current in EDL devices theoretically tends to zero when the time tends
to infinite. However, the current does not disappear in real-world SCs because a leakage
current is always present in the experimental measurements. The leakage current is usually
driven by parasitic resistances that drive self-discharge (is¢;f) [131] and redox reactions,
especially at high WVW. The diffusion-controlled redox reaction in the function of time is

described as

. nl"A,Cv D
b= —
/ vt ’

where A is the superficial area, C' is the capacitance, and D is the coefficient’s diffusion.

(3.13)

Then, the current response in time of a SC can be described by the sum of the three

aforementioned currents (iear, is, sery) as

1Total = LEDL + 1F + lself- (3.14)
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3.1.4 Electrochemical Impedance Spectroscopy

EIS is a powerful, low-cost, non-destructive, and extensive technique used to
characterize energy storage devices, sensors, and electrocatalysis [132]. Concerning SC,
it is possible to acquire several physical properties based on EIS, such as () porous
distribution and shape, (77) electrolyte resistance in the pores of the electrodes, (iii) ESR,
(7v) interfacial impedance, and (v) charge transfer resistance [133]. These properties are
fundamental to understand the SC electrochemical process. Moreover, EIS is a much easier

technique than CV, GCD, and CA in regards to analyze variables separately.

The EIS technique measures the system impedance as a function of frequency,
applying an electrical perturbation of small magnitude that can be a sinusoidal voltage
(i.e., potentiostatic mode) or sinusoidal current (i.e., galvanostatic mode) superimposed on
a steady state of voltage or current at a controlled frequency (e.g., typically from 10 mHz
to 100 kHz) [134,135]. Additionally, the applied voltage can be described by

Euy = |Eol| sin(wt), (3.15)

where w is the angular frequency given by 27 f, E(t) is the steady-state voltage, and Ey
is an electrical perturbation of small magnitude. As a result of the applied voltage, the

measured current is described by

i) = |io| sin(wt + ¢), (3.16)

where the phase angle (¢) depends on the circuit elements. If the circuit presents resistors,
the voltage is in phase concerning the current. Otherwise, for a non-resistive circuit, the
current phase angle will shift + 90° for an ideal capacitor and - 90° for an ideal inductor

regarding the voltage phase angle.

The impedance Z(,, expressed by

7 _ B _ |Blgsinwt) (3.17)
() i(t) i(o) sin(wt —+ 90) ’

is a complex value that represents the transfer function of the system, which is obtained by
the relation between the input (voltage) and output signal (current). For EIS measurements,
the function transfer is expressed in ohms (2). Representing the impedance by complex
algebra is very useful because it simplifies the circuits analysis and the identification of

magnitude and phase. Besides, an alternative representation can be expressed as

Z = Zye + j Zimg: (3.18)
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where Z corresponds to the complex number, Z,. to its real part, and Z;,, to its the

imaginary part.

Usually, the results are plotted in Nyquist or Bode plots. The first shows the
real and imaginary impedance contributions and Z is represented as a vector of length |Z|

expressed by

2] =\ B} + Ziy, (3.19)

while the latter is represented by the magnitude |Z| or phase angle () concerning the
logarithm of the frequency (f) [1].

To represent and obtain meaningful results is essential to ensure causality,
electrochemical stability, and linearity. So, in practical ways, () the SC needs to be
stable and does not change with time, (¢7) the perturbation signal Ey needs to be linear
and presents low amplitude (i.e., & 5-10 mV for potentiostatic mode) to ensure a linear
current behavior and electrochemistry stability (i.e., only adsorption/absorption of ions
and no oxidation or reduction reactions at the electrode surface) [136], and (i) the
current must be a direct result of voltage perturbation, ensuring the system causality [137].
After ensuring these three requirements, it is possible to represent the system’s frequency

response fitting the experimental data to a suitable equivalent system model [138].

Furthermore, understanding the EIS data correctly to propose an equivalent
circuit that fits the system response appropriately is a challenging task [73], and it still
remains an open question in the scientific community. An equivalent circuit model and its
components can represent unique experimental data [137], which leads to non-consensual
models. Therefore, it is vital to ensure the best instrumentation configuration to acquire

the more trustful results as possible to avoid systematic misinterpretation.

Overall speaking, the problem of nonlinearity is smaller as the signal amplitude
is small. Nevertheless, if the signal has a minimum amplitude, the stochastic error increases
significantly. The reason is that the value of current decreases drastically over time, and the
analog to digital converter cannot accurately measure it. The diameter of the semi-cycle
seen at high frequency in Nyquist plot can be interpreted as the charge transfer resistance

R, which decreases according to a sinusoidal voltage [139], in agreement with:

RT
Ry = . 3.20
t ano ( )

Figure 3.6 (a) presents how the resistance R, is affected by an increase in
surface overpotential. In addition, response in the low frequency range gives essential
information about the presence of water splitting (Figure 3.6 (b)). Usually, if the applied

voltage is higher than WV W, deviations from linearity caused by undesired faradaic
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processes, or the presence of water-splitting are observable. The number labels in Figure
3.6 (b) represents a degree of linearity of the system (i.e., 1 presents a linear system and 6
the presence of water-splitting). The linearity of an EIS experiment can also be evaluated
by observing the input and output signal and this can be visually expressed through a

Lissajous plot [73].

a) b)
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Figure 3.6 — (a) deviations from the linearity verified in the complex-plane plots at low
frequencies commonly indicating the presence of water-splitting. (b) Effects
of the surface overpotential in the charge transfer resistance. Figure adapted
from [63].

3.2 Results and Discussion

3.2.1 Cyclic Voltammetry Results

In CV experiments, the voltammogram differs concerning the scan rate because
the ESR affects its shape. For low scan rates, the profile tends to be almost rectangular
perfectly because time is enough, especially for ions to access the electrode pores, so energy
losses on internal resistances are low due to the small current. For a high scan rate, the
voltammogram curve does not have its rectangular shape, instead of showing rounded
corners. In this condition, time is insufficient for ions to access the deepest pores, and part
of the energy is dissipated on the ESR as a result of the high current. In this way, Figure

A.3 (see Appendix A) presents the CV voltammograms at several scan rates.

Figure 3.7 shows how the configuration of parameters of the CV test impacts the
electrochemical result for incorrect experimental setups. In Figure 3.7 (a), it is possible to
see the impact of different voltage ranges on the voltammogram. The CV voltage range was
set at 2.5V, 5.0 V, and 10 V, which are the available values. Thus, the correct voltage range
should be the closest value larger than 1.2 V, which is 2.5 V in the available potentiostat.
Otherwise, if the voltage range is set wrongly (i.e., 5 and 10 V), the measurement includes

an error. The potentiostat modulates the voltage in CV experiments, so the measured
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Figure 3.7 — CV measures at 1.2V and different setups. (a) Voltage ranges at 10 mV s
(b) Current ranges at 10 mV s™*. (c¢) Bandwidth levels at 1 mV s™. (d) Sample
intervals at 500mV s

voltage is crucial to the analysis. The error in CV plot when a 10 V range is chosen is of

almost 200 mF ¢! in the acquired capacitance concerning the area of the voltammogram.

Figure 3.7 (b) shows a clear trend of the positioning of the voltammogram
according to the current range. The correct, current range is 1 mA for the maximum
current (approx. 0.16 mA) seen in the CV plot. Initially, the proper current range is set
based on a value higher or equal to the maximum current of the experiment. However,
if there is more than one available current range higher than the maximum current, the
lowest value is selected to keep a good resolution and accuracy. For a current range of 100
mA, errors of position and capacitance calculated are observed. The higher position error
is especially problematic because it shows that the discharged energy is higher than the

energy accumulated during the charging, which indicates a wrong measurement clearly.

Figure 3.7 (c¢) shows how the bandwidth can alternate the perception of current
at vortex potential (i.e., where the sweep direction is reversed in the voltammogram). The
bandwidth expresses a stability factor, and it is fundamental to assure a good measure

without oscillations. The stability factor usually is defined by the time constant of the SC.
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In practical ways, it defines how fast the potentiostat has to work. In general, the smaller
the time constant and the larger the capacitance, the greater must be the stability factor.
In addition, if it is impossible to know the exact bandwidth value used by the potentiostat,
it is recommended to repeat the measurements for the different available bandwidths to
evaluate the results properly. At this experiment, a low scan rate of 1 mV s was set, so
the potentiostat does not need to respond quickly and mitigate transitory errors. As a
result, the stability factor must be low to result in an adequate measurement. On the
other hand, a higher current at vortex potential is observed for a wrong stability factor
(medium or high), which does not correspond to correct WVW of the SC.

Lastly, Figure 3.7 (d) shows how the sample intervals impacts in the CV
measurements. The data output of the potentiostat is digital, as mentioned before. As
some experiments may require days or weeks, it is possible that a long sampling interval is
used to reduce data storage. Nevertheless, CV consists usually of a fast procedure, and the
voltammogram shape is fundamental to defining some SC properties. Therefore, a correct
time interval consists of storing data points at every instant that the slight variation in
voltage (in this case, 10 mV) is identified, which aids to keep the CV shape trustful and
without variations. The CV shape becomes highly deteriorated for a sample interval of

100 mV and 1 V, making the analysis invalid due to its low precision.

3.2.2 Chronopotentiometry Results

Figure A.4 shows how the configuration of parameters impacts the GCD
measurement. Figure A.4 shows that as the discharge current (e.g., electrical load) increases,
lower is the capacitance and consequently the stored energy. Furthermore, Figure A.5

illustrates the plot of cycling performance and coulombic efficiency of the studied SC.

Figure 3.8 (a) shows that the voltage range does not cause any modification in
the charge and discharge profile or specific capacitance for the studied SC. Nevertheless,
the method to identify the correct voltage range is the same as presented for the CV test.
For the GCD test, the correct voltage range is 2.5 V even if 5 V or 10 V leads to similar
results. In the detail of Figure 3.8 (a), it is possible to see the differences between the
EDR and ESR for the discharge profile.

Figure 3.8 (b) shows how the current range impacts in GCD measurements.
The applied current in this experiment for charging and discharging the SC is 0.05 mA,
which means the current range should be 0.1 mA for the available potentiostat. The GCD
experiment consists in applying a constant current while changing the gain of an internal
amplifier in the potentiostat, which aims to simulate a variable load. As a result, the
current is the same even if the voltage varies eventually. It also means, however, that the
current is a variable sensitive to the voltage and needs to be measured constantly by the

equipment, so charging and discharging of the SC occur linearly. The drastic changes in
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Figure 3.8 — CP measures at 1.2V and different setups. (a) Voltage ranges. (b) Current
ranges. (¢) Bandwidth levels. (d) Sample intervals.

Figure 3.8 (b) for the current ranges of 1 mA and 10 mA are due to the unprecise control
of the current by the potentiostat in these current ranges. Not only the GCD profiles
changes massively, the capacitance measured also changes significantly. For a current range

of 1 mA, the specific capacitance presented an error of 2.52 F g™! or almost 20 %.

Figure 3.8 (c¢) shows that the bandwidth does not produce any difference in
GCD profile. Nevertheless, the bandwidth should be defined according to the charging
and discharging time period. Generally speaking, for a short discharge time, the stability

factor also needs to be lower.

Lastly, Figure 3.8 (d) shows how the sampling based on the voltage variation
affect the ESR and EDR identification. The voltage interval for sampling must always be
the lowest possible because the voltage drop due to internal resistance is a fundamental
feature to determine EDR and ESR of SCs. For a voltage interval greater than 10 mV, the
measured EDR and ESR change for the available potentiostat. Depending on the interval,
it is not possible to even identify EDR and ESR properly.
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3.2.3 Chronoamperometry results
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Figure 3.9 — SPSC measures at 1.2 V, 60 s of single potential step, and different setups.

(a) Voltage ranges. (b) Current ranges. (¢) Bandwidth levels. (d) Sample
intervals.

Figure 3.9 shows the SPSC experiments at a diverse voltage and current ranges,
bandwidth levels, and sample intervals. It is presented how the incorrect configuration of
these parameters affects the SPSC measurements of SCs. Figure 3.9 (a) shows how the
voltage range affects the SPSC results. The correct voltage range is 2.5 V because a single
voltage step of 1.2 V is applied. The incorrect voltage range, which is 5 V or 10 V for the
available potentiostat, reduces the current at 60 seconds by 33%. Note that voltage range

is critical because the current response over time is used to define the correct WVW [77].

Figure 3.9 (b) shows how the current range affects SPSC results. Different
from the procedures presented so far, the correct configuration for the current range is
to set it to an automatic adjustment. The reason for the automatic current range is due
to the extreme current variation during the SPSC procedure, reaching high currents at
initial phases and a minimal current at the final phases because the SC is almost fully
charged and yields only leakage current. The automatic current range sets the potentiostat
to adjust the current range internally during the SPSC process, keeping an adequate

resolution along with the experiment progression.
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Figure 3.9 (c¢) shows how the stability factor of the bandwidth impacts the SPSC
measurements. The three available settings are compared, and the values of maximum
current and of the current at 60 seconds were not affected by the bandwidth. The
correct bandwidth setting should be an automatic adjustment because the device presents
a response much faster in the initial stage of the experiment than in the final stage.
Nevertheless, the available potentiostat does not have an automatic bandwidth setting.
Therefore, the best approach is to decide upon the more critical feature for the analysis to
select the bandwidth. Generally speaking, a “higher” bandwidth should be chosen if it is
necessary to prioritize the transient at the initial step, while a “lower” bandwidth should

be chosen if analyzing the current in the final stages is the priority.

Lastly, Figure 3.9 (d) shows how the sample intervals of current affect the
SPSC, which is the most critical configuration of the SPSC procedure. At first, assuming
that a large current sample interval is set, the result may not be adequate if very small
changes in current occur because the potentiostat does not store the sample due to the
large current sample interval. On the other hand, excess data points may be stored when
a too small current sample interval is set. Therefore, the correct configuration of sample
interval becomes entirely empirical and dependent on the device under analysis. Usually,
at the first time a SC goes through an SPSC analysis, the magnitude of the current at the
final stage is unknown. So, it is recommended to perform the first experiment with a very
low current sample interval to find the magnitude of the current for a fixed experiment
time, which becomes the target current. After that, a current sample interval one thousand
times lower than the target current is set to keep the measurement consistent and to
optimize the amount of stored data, especially for long-time SPSC experiments required

to evaluate SCs.

For the SC studied and the available potentiostat, a current sample interval
of 20 pA was set for the first measurement. It was possible to identify that a current of
approximately 20 uA is achieved at 60 seconds. Consequently, the current sample interval
should be 20 nA or a smaller value. For comparison, a current sample interval of 20 mA
yields a final current that diverges from the correct value. The stored data recorded by
the potentiostat for each measure was 60 k, 18 k, 1.2 k, and 700 data points for current
sample intervals of 20 pA, 20 nA, 20 uA, and 20 mA, respectively.

3.2.4 Electrochemical Impedance Spectroscopy Results

Figure 3.10 shows the plots for the EIS experiments. Each plot corresponds
to results related to an essential parameter of EIS experiment, for which knowing the
potentiostat and the fundamental electronic concepts prevents errors and optimizes the
measurements. The mistakes in the configuration are usually observed when strange and

random points in the Nyquist plot appear.
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Figure 3.10 — Electrochemical impedance spectroscopy measures in the frequency range of
10 mHz to 100 kHz for different instrumental setups. (a) Voltage ranges. (b)
Current ranges. (¢) Bandwidth levels. (d) Waiting times. (e) Magnitude of
the perturbation voltage. (f) Points per decade.

Figure 3.10 (a) shows how the voltage range impacts the EIS measurements.

The EIS voltage range was set at 2.5 V, 5.0 V, and 10 V, which are the available values.

The adequate voltage range should correspond to the lowest available voltage range that

is larger than the configurated voltage value in the EIS experiment. For the device under

test, a steady-state voltage of 0.3 V with a sinusoidal perturbation voltage of 10-mV



CHAPTER 3. HOW THE MEASUREMENTS OF SUPERCAPACITORS ARE AFFECTED BY
MISLED CONFIGURATION OF ELECTROCHEMICAL EQUIPMENTS 55

peak was set, resulting in a maximum voltage of 0.31 V. Thus, the correct voltage range
should be the closest value larger than 0.31 V, which is 2.5 V in the available potentiostat.
Nevertheless, no noticeable differences in the Nyquist plot are noted for the available

voltage ranges because the most critical variable of the device under test is the current.

Figure 3.10 (b) shows the impact of the current range in the EIS results. The
potentiostat modulates the frequency of the sinusoidal voltage and measures the current
to calculate the impedance |Z| at several frequencies. However, due to its modulated
sinusoidal voltage, the magnitude of the impedance changes according to the frequency
applied if the circuit is not composed only of resistors. Assuming that this experimental
data could be fitted by a circuit consisting of a resistor R.,, in series with the parallel

combination of a resistor R, and a capacitor C.qy represented by

R

Zey = R —_—,
1 BSR T 1+ jwR.C

(3.21)

in which a change in the angular frequency w during the experiment results in a change
of the impedance of the circuit. In addition, the circuit’s current also changes during the

experiment due to the frequency variation as it is expressed as

E)

—, (3.22)
Zeq(W)

iy =

Own this current variation during the experiment. It is fundamental to set the

current range as automatic (if this feature is available) in the potentiostat. It means that
the potentiostat used in this chapter (i.e., potentiostat model SP-200) sets the current
range automatically during the experiment to ensure a more precise measurement according
to the current magnitude variation. Based on this, the modifications saw to current ranges
of 1 A, and 100 mA regarding the automatic range happens because as current decreases,
the frequency falls. As a result, the signal-noise ratio intensifies, and the rate of errors

rises.

Figure 3.10 (c) shows the EIS measurements concerning the three available
bandwidth settings. Note that selecting the correct bandwidth is not simple because
the capacitance of the device under test defines the time constant while the equivalent
impedance changes with the applied frequency as described in Equation (3.22), which
results in changing the stability factor accordingly to the applied frequency. For the
available potentiostat, only one bandwidth can be selected at a time. In this case, the best
approach is to define a fast bandwidth to avoid errors for high-frequency measurements.
Nevertheless, no modification or stochastic errors in the Nyquist plot concerning the SC
under test for all bandwidths are observed. However, it is essential to highlight that it
does not mean that any bandwidth is adequate for EIS on a SC. The results are unique to
the SC under test, for which the bandwidth was not critical.
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Figure 3.10 (d) reports the waiting-time parameter. Also presented as “Wait for’
in EIS measurements, it prompts a specific time delay before taking the measurement when
the frequency changes to mitigate undesired errors caused by transients. The transient
incorporated in the equivalent impedance may cause an error up to 4% if a delay of at
least one period is not included [140]. Usually, the delay is defined proportionally to the
period of the sinusoidal voltage signal. For the available potentiostat, the module of the
impedance is calculated to all points, yielding an average impedance of 15.75 €2, 16.09 €2,
and 16.12 €2, for a waiting time 0 (no delay), 0.5 (half-period delay), and 1 (one-period
delay), respectively. An error of approximately 2.3% is observed if the wait time is not

configurated.

Figure 3.10 (e) shows the effects of changing the amplitude of the modulated
sinusoidal superimposed in the steady-state voltage. Electrochemical reactions are defined
by the current densities and are driven exponentially by electrical potential [141]. Therefore,
the Butler-Volmer equation describes the kinetic control of a single reversible reaction in

the not linear voltage function by

i =g {e:r:p (Wm) — exp (—ﬁns)} , (3.23)

where 7, represents the surface overpotential and « an asymmetry factor that defines
the cathodic reaction and its fraction surface overpotential. Theoretically, it is the only
electrostatic phenomenon that should be seen in SCs. However actually, faradaic reactions
are observed for several reasons, such as contaminations during the porous materials
production and electrolyte and electrode decomposition. From Equation (3.23), as the
current changes, the impedance response changes consequently, resulting in different

Nyquist plots, especially at voltages higher than 10 mV as seen in Figure 3.10 (e).

The result for 500 mV and 1000 mV is presented in a Lissajous plot where
current and voltage are normalized in Figure A.6 [73]. As the system parameters are kept
in linear regions, the Lissajous plot becomes more symmetric, as observed in Figure A.6. In
the galvanostatic mode, every parameter needs to be checked to produce results within a
linear operation region. For the device under test, the only modification is to select a lower
current to guarantee the linearity and stability of the system. In Figure A.7 is possible to

see the Nyquist plot for both modes with a steady voltage and current equal to zero.

Figure 3.10 (f) shows the effect of the number of points per decade in the

Nyquist plot. To calculate de number of points measured, it is used

SWromge = IOg (fhigh) - (flow)7 (324)
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N = SWrange * poz’ntsdecadea (325)

where Syyrange is the sweep range, fhign is the highest frequency, fi,., is the lowest frequency,
and N the estimated points. So, for (6, 4, 2, and 1) points per decade, it represents 42,
28, 14, and 7 points measured during the experiment. Note that less than 6 points per
decade lead to a deformed Nyquist plot. For the device under test, the adjustment of
6 points per decade was enough to represent the system well. More points per decade
could produce a more precise representation, but it would increase the experiment time
overly, affecting the SCs initial state. Therefore, a simple rule for the number of points per
decade in SC measurements does not exist. Nevertheless, it is recommended to perform
the experiment correctly and as fast as possible to avoid electrochemical reactions that
may lead to alteration of SC characteristics, leading to a higher probability of stochastic

eITors.

3.2.5 Temperature Effects on Electrochemical Measurements

The effects of temperature in SCs characterization have been reported exten-
sively concerning their application in high or low temperature conditions [34, 142-145].
Generally speaking, the temperature impacts the measurements massively in different
ways [43, 51,53, 146, 147]. Figure 3.11 shows the effects of temperature on CV, GCD,
SPSC, and EIS measurements of a (1 M of LiCl) aqueous-based SC. Figure 3.11 (a) shows
the CV measurements for different temperatures, which an exponential trend in anodic
vertex voltage is observed. It can be concluded that the rate of faradaic processes and
the decomposition of the electrolyte (water-splitting reaction) have increased due to the

increase of temperature accordingly.

Figure 3.11 (b) shows GCD measurements for different temperatures. From a
certain threshold temperature, the impact on the specific capacitance becomes significant.
At 35°C, the capacitance increased by more than 50% compared to the other temperatures.
One should expect it because the faradaic process starts to contribute to the energy
storage characteristic of the device under test. In addition, the EDL is formed easily as
the viscosity decreases with the increase of temperature and of the ionic diffusion increase,
which leads to an increase of the capacitance consequently. Figure 3.11 (¢) shows SPSC
measurements for different temperatures. The temperature affects the parasitic resistances
and the redox reactions, for which both are evaluated through the leakage current. At

35°C, the leakage current is more than two times larger than the current at 25°C.

Figure 3.11 (d) shows EIS measurements for different temperatures. Note
how the Nyquist plot changes, especially at low frequencies (i.e., 10 mHz), due to the

nonlinearity of the system caused by the increase in temperature. The detail of Figure
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Figure 3.11 — Electrochemical findings from a (1 M of LiCl) SC at 1.2 V and different
temperatures. (a) Cyclic voltammetry at 1 mV s, (b) Galvanostatic charge-
discharge at 0.003 A g. (c) Single potential step chronoamperometry with
a single step of two minutes. (d) Nyquist and Bode’s diagrams are extracted

from electrochemical impedance spectroscopy measured in the interval of 10
mHz to 100 kHz.

3.11 (d) shows the Bode diagram. Note how the change in temperature modifies the phase
angle. As the temperature changes, the ion absorption in the electrode pores changes due
to lower or higher ionic resistance. As a result, the time constant of the device under test

changes, which reflects on the phase observed in the Bode diagram profile consequently.

3.3 Concluding Remarks

This part of the Dissertation has focused on describing, demonstrating, and
discussing intensively and didactically the misleading experimental data and results of
electrochemical measurements of symmetric SCs that are consequences mainly from wrong
setup configurations and a careless approach towards the sources of stochastic errors.
Adjustments related to voltage and current ranges, bandwidth and voltage and current

sample interval are explained, so a correct configuration may lead to a high-quality and



CHAPTER 3. HOW THE MEASUREMENTS OF SUPERCAPACITORS ARE AFFECTED BY
MISLED CONFIGURATION OF ELECTROCHEMICAL EQUIPMENTS 59

reproducible SC characterization for CV, SPSC, GCD, and EIS procedures. The studied
case and the practical rules presented in this chapter are strong suggestions to ensure data
reliability and address fundamental questions related to errors in instrumentation setup or
unexpected physical-chemical results. Moreover, the assessment of the procedures aims
to contribute positively to the discussion of standardization and measurement reliability,

especially with the quality of the data presented in Chapters 4 and 5.
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4 Electrodes Under Compression

There is a massive interest in raising the energy storage in SCs by applying
different techniques to improve the electrode and electrolyte features. One way to improve
the electrode is to apply compression. It minimizes ions’ distance travel, avoids interfacial
impedances, improves the conductivity, and falls the system’s resistances. However, the
ion dynamics into different pore size distributions in SC electrodes after applying compres-
sion are still rare. Here we present a extensive study demonstrating and explaining the
ion dynamics of five electrolytes into different pore size distributions in supercapacitor
electrodes under compression, tracking scanning electron micrographs, nitrogen adsorp-
tion/desorption analysis, and electrochemical measures. The results show that it is possible
to raise the energy density by more than 160 % when the electrode is compressed until
the micropores match in dimensions with the electrolyte’s hydrated ion size, creating a
superionic state. In contrast, if excessive compression is applied, the capacitance falls more
than 25 %. In summary, the pore size distribution modifications caused by compression
significantly affect the ion dynamics into the pores of Activated Carbon (AC), improving

several features of SCs.

4.1 Experimental Section

4.1.1 Preparation of Electrodes

The ink was produced with the AC YP-80F (Brunauer-Emmett-Teller (BET)
specific surface area = 2271 m? g!) from Kuraray, carbon black percolator model Black
Pearls 2000 from Cabot, and Polyvinylidene Fluoride (PVDF) binder from Aldrich Chem-
istry. The ink was prepared by mixing AC (80 wt. %), Carbon black (10 wt. %), and
PVDF (10 wt. %). In 2.5ml of N-Methyl-2-Pyrrolidone (NMP) solvent for 30 minutes in an
ultrasonic sonicator. To prepare the electrode film was added 50 pL of ink directly over a
16 mm stainless steel spacer to prepare the electrodes. The electrode film was also vacuum
dried for 4 hours at 80 °C the spacer with liquid ink above to form the solid electrode.

The electrodes formed presented an average mass of 17.15 mg.

4.1.2 Compression of Electrodes and Cell Aseembly

To apply the compression, a manual hydraulic press of the Specac model
GS15011 was employed with a manometer changed to work in the range of 0 to 300
Psi. The minimum pressure that ensures the electrical contact between the electrodes

is at least 30 PSI. Unfortunately, we could not increase the compression to pressures
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higher than 260 PSI. Because, after applying more than 260 PSI, the electrodes started
to short-circuit. The short-circuit can be seen in Figure 4.1 as an abrupt rise in the
chronoamperometry experiment after compressing more than 260 PSI. In addition, we
performed all experiments applying pressure instead of measuring the electrode thickness
because it turns the work more reproductive and does not require the electrode’s mass or
initial electrode’s thickness. All results presented are based on triplicate or quadruplicate

measurements of the supercapacitors under compression.
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Figure 4.1 — Electrochemical behavior from chronoamperometry experiment, when the
electrodes short circuit between then.

All SCs were assembled inside a coin cell with a CR2032 package without the
spring. The spring was removed to reduce the influence of its mechanical strain on the
obtained results. Since we are working in an atypical situation, was necessary inserting
the cells inside a sterilized polystyrene Petri dish with two current collectors to connect

the potentiostat to the SC’s electrical terminations cell (See Figure 4.2.)
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Figure 4.2 — Experimental setup that was used to compressing the electrodes. (a) Hydraulic
press modified to measure the pressure applied from 0 PSI to 300 PSI and
the electrical connection to the CR2032 cell. (b) Internal view of the cell.
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4.1.3 Sample Preparation to Scanning Electron Microscope Analyses

To obtain the pictures from 0 PSI electrodes using the scanning electron
microscope, we only used the electrodes made above the current collector, as shown in
Figure 4.3 (a). Though to 100 PSI and 260 PSI, something happened when compressing
the cell. The electrode was transferred to the separator as shown in Figure 4.3 (b) to
Figure 4.3 (d). We cut that separator into a small piece and analyzed with the scanning
electron microscope the electrode transferred to cellulose paper as shown in Figure 4.3 (e -
f).

a) b)

g

Figure 4.3 — (a) Sample without any compression. (b) Separator between electrodes. (c)
Current collector after applying pressure. (d) Electrode transferred to cellulose
separator. (e) and (f) Electrode cut in a smaller piece.

4.1.4 Sample Preparation to Nitrogen Adsorption-Desorption Isotherms

Initially, the samples were conditioned in a vacuum oven at 105 °C for at least
12 hours. After the samples reached thermal equilibrium at room temperature, the samples’
mass was measured (20 mg) and then taken to the equipment for treatment at 180 °C

until reaching a pressure constant of 3 pmHg. After treatment, the sample was analyzed
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considering micropores with an equilibrium time of 30 s. The minimum mass requires to
determine the nitrogen adsorption-desorption isotherms is much bigger than the mass of
an electrode. Thus, the electrodes above were prepared in a Petri dish as shown in Figure
4.4 (a) with the same ink and process of the electrodes produced to assembly the SCs. As
shown in Figure 4.4 (b), we remove the solid electrode from the Petri dish’s bottom after
drying, as shown in Figure 4.4 (c). After it, a piece of powder was stored and target as
the 0 PSI powder. We want to know the effect of compression in the same way as the
electrodes compressed inside the cell CR2032. We took the other part of the powder and
insert it in the steel die to apply 260 PSI of pressure, as shown in Figure 4.4 (d) and Figure
4.4 (e). This powder compressed turned a pellet, as shown in Figure 4.4 (f). Hence, the
analysis was performed on activated powder YP-80F from Kuraray, one electrode without

compression, and one pellet electrode with 260 PSI of pressure.

Figure 4.4 — Samples conditioned to the determination of nitrogen adsorption-desorption
isotherms. (a) Ink deposited above the petri dish. (b) Electrodes formed by
the ink dried at 80 °C in a vacuum oven. (c¢) Electrodes removed from the
bottom. (d) and (e) Electrode powder being compressed. (f) Pellet formed by
the electrode powder’s compression.
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4.2 Electrochemical Measurements

The full results presented are based on triplicate or quadruplicate measurements
of the supercapacitors under compression. The CV, EIS, and CA experiments were
performed with an electrochemical workstation from BioLogic (Model: SP-150) at room
temperature of ~ 25 °C and two-electrode configuration. The CV measurements were
performed at several WVW, and the scan-rate varied from 10 mV s to 200 mV s. The
CA measurements were performed with two minutes of constant voltage for various WVW.
All the EIS experiments were set with the same parameters. The constant voltage was
set at 0.3 V with a sinusoidal signal in the frequency range of 100 kHz to 10 mHz and
an amplitude of 10 mV (peak-to-peak). The GCD experiments were performed at several
gravimetric currents. The specific capacitance (F g!') was calculated from the discharged

curve provided by the GCD experiments using

IAt

C1spec = m7

(4.1)

where At is the total discharge time, [ is the constant discharge current, m, is the active
mass of the electrode and AV the constant voltage used to charge the SC excluding the
AV gr0p that is an abrupt change in the voltage during the discharge. Through the specific

capacitance, it is possible to calculate the specific energy following

2
Bpeo = Lo, (4.2)

The maximum power delivered by the SC to a load can be calculated by

V2

P:74ESR’ (4.3)

where V' is the maximum constant voltage used to charge the SC, and the ESR is the

equivalent series resistance extracted from the GCD curves and can be calculated by

A Vdrop

E =
SR i

(4.4)

4.3 Dynamics of Solvated lons Into Different Pore Size Distribution

4.3.1 Activated Carbon Morphology Under Compression

It is investigated the effect of compression on the AC electrode’s morphology
by Scanning Electron Microscope (SEM). Figure 4.5 presents micrographs that were taken
from the samples (a-c) as a prepared electrode material and compressed at (d-f) 100 PSI

and (g-i) 260 PSI. As can be observed, massive macropores are highly reduced in size after
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compression, and the particles started to be closer to each other. For another perspective,
Figure 4.5 (j-k) illustrates the squeeze of the electrode conceptually. These electrode
structure modifications are highly related to the SCs electrochemical performance, mainly
because the morphology defines the electrode conductivity, thickness, contact surface, and

pore size distribution.

Low compression

e - High compression

Figure 4.5 — Scanning electron micrographs took from the electrodes manufactured with
activated carbon YP-80F. (a - ¢) Micrographs are taken from as-prepared
electrode materials. (d - f) After being compressed under 100 PSI and (g - i)
after compression of 260 PSI. j) and k) Schematic representation of electrode
particle spaces and interaction with the current collector.

4.3.2 Pore Size Distribution of Activated Carbon Under Compression

However, micrographs cannot infer if the mesopores and micropores were
also modified. For this reason, to have a better matter characterization, the nitrogen
adsorption/desorption isotherms analysis is employed to reveal the effect of compression
on the pore size distribution. The raw YP-80F powder is applied as a contrast to check if
the coating was adequately prepared. The YP-80F is named P-OP. The electrode without
compression is named E-OP, and the electrode squeezes at 260 PSI, E-260P. Figure 4.6
presents the isotherms. Up to the relative pressures of P/Po < 0.9, the P-OP was the
sample that adsorbed the highest quantity of nitrogen, as seen in Figure 4.6 (a). The
lower adsorbed quantity to E-OP and E-260P is expected because the binder used to
manufacture the electrodes blocks the AC’s smallest pores [148], reducing the superficial
area (Figure 4.6 (b)). To relative pressure higher than 0.9, a massive rise in the quantity of
adsorbed nitrogen is observed in E-OP and E-260P. It suggests compression activated the
AC electrode. This physical activation alters the density and structural cavities improving

large pores undetectable for P-OP isotherms [149].
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Moreover, it is essential to point out that the quantity of nitrogen adsorbed
by E-260P increased 18 % compared with E-OP in almost all relative pressure. The
higher quantity of nitrogen adsorbed seen in E-260P can be explained by greater Van
der Waals interactions provided by the pores overlapping when the gas is in contact with
the pore walls and a pore shape modification (i.e., cylinder to a slit shape) caused by the
compression [150,151]. Figure 4.6 (c) illustrates the increase of 13 % in the cumulative pore
volume after compressing the electrode and is mainly influenced by pore width smaller than
30 A. Otherwise, Figure 4.6 (d) shows that compression also affected the differential pore
volume to micropores. As a result, this micropores improvement also enhances nitrogen

adsorption.

Figure 4.6 (b) depicts that BET surface area increased 10 % after the compres-
sion of the electrode, evidencing the benefits of this procedure. The surface area’s rise is
explained by the increase of 32 % in the mesopores and macropores volume and also due
to the higher density of E-260P, as presented before [152]. The higher electrode density
provided by the compression increased the volume of mesopores and macropores. This
improvement can be explained by dispersed particles clustered with other arrangements
forming new pathways and clusters [152]. While micropores increased only 6 %, mesopores
and macropores rise 32 %. It may happen because larger pores have a smaller mechanical
resistance, so they compress and create clusters easier than micropores (i.e., micropore
is so tiny that there is not much to be compressed). Several studies, for instance, have
been carried out on the effects of compression on AC materials and are aligned with the
findings presented above [81,149,152,153]. Beyond that, they also show compression as an
essential technique to modify the pore size distribution and improve the surface area of

AC materials.

The micropores and mesopores have a higher contribution to the EDL im-
provement, especially when the ion size matches the micropore diameter [154, 155]. As
micropores, mesopores, and macropores were affected by the compression and SCs electro-
chemical behavior is directly driven by dynamics between the ion/electrode interface; is
expected that these modifications would drastically change the features of the SC [156,157].
In general, the increase in cumulative volume could improve the total energy stored in the

SC based on the higher pore volume available for the EDL formation.

4.3.3 Dynamics of Solvated lons in Electrodes Under Compression

However, it is insufficient to look out only at the electrode. To adequately
evaluate the compression influence in SCs, there is a necessity to investigate the electrolyte
effects on the device’s behavior. Mainly because of electrolyte features as ion size, solvent
concentration, interaction ion/solvent, and interaction ion/electrode drive almost all
electrochemical dynamics of the SC [64, 158-160]. Besides, the ionic conductivity, the
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Figure 4.6 — Nitrogen adsorption/desorption isotherms for activated carbon powder YP-
80F, electrode without any compression, and an electrode compressed at 260
PSI. (a) Isotherm linear. (b) Brunauer Emmett Teller surface area, the total
volume of micropores, and total volume of mesopores and macropores. (c)
Horvath-Kawazoe cumulative pore volume. (d) Horvath-Kawazoe differential
pore volume.

number of water molecules of solvated ion, and hydrated ion size are features that make
the ionic diffusion unique inside the pores [55]. Hence, to investigate if there is a correlation
between pore size distribution and ionic adsorption, five aqueous electrolytes with different
anions and cations were used: 1m KOH, 1m LiOH, 1m KCI, 1m LiCl and 1m NaClOy4. Then
several figures exhibit the electrochemical performance of these electrolytes under different
compression levels. Here, the influence of pore size distribution on the electrochemical

behavior for all electrolytes studied is evidenced.

Figure 4.7 presents the specific capacitance concerning the pressure applied.
Here, the values were obtained from a GCD curve at 4 A g't. More recent evidence highlights
the use of compression to improve the capacitance of aqueous electrolytes SCs [43-46].
Beyond that, this study shows the presence of a Point of Maximum Capacitance (PMC)

relative to the compression applied to several electrolytes. For LiOH electrolyte, increasing
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pressure from 60 PSI to 120 PSI rose the capacitance from 13.5 to 35.2 F g’!, representing
an increase of 161 %. Nevertheless, from 120 PSI to 260 PSI, the specific capacitance
dropped from 35.2 to 29.8 F g1, representing a decrease of 15 %. The behavior is slight
different from the LiCl electrolyte but also follows the same trend. The capacitance
increases from 31.4 to 36.7 F g (i.e., 17 %) alternating from 60 PSI to 80 PSI and after
raising from 80 PSI to 260 PSI, the capacitance declined from 36.7 to 28.1 F g (i.e., 23
%).
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Figure 4.7 — The curve of maximum capacitance at the current density of 4 A g'.

To analyze the capacitance as a function of compression, the morphological
changes (Figure 4.5) and the pore size distribution (Figure 4.6) of the electrode are
considered. Initially, the capacitance was improved because clustering the AC’s particles
reduced the electrolyte resistance into the pores and improved the electrolyte interfacial
wettability due to the lower travel distance liquid penetration, as several authors have been
investigated and proposed [43-46]. About the drop seen in capacitance, recent evidence has
highlighted a reduction in capacitance (i.e., more than 80 %) due to excessive compression
of porous electrodes [79,80,82,153].

Two hypotheses fit very well to explain the fall in capacitance seen in Figure
4.7 after the PMC. Firstly, as proposed by Gourdin and co-workers, excessive compression
turn micropores inaccessible, reducing the ions’ diffusion [82]. So, based on the reduction
of micropores smaller than 4 A seen in Figure 4.6 (b), it is reasonable to infer that the
same process is happening here. Secondly, based on the multiphase lattice Boltzmann
method, several studies have presented that compression alters wettability and decreases
the effective area available to the electrolyte coming inside the AC’s pores as the porosity
falls [153,161-163]. So, based on the porosity reduction presented in Figure 4.5, the fall in
capacitance can also be expected by the lower available sites to ions coming inside and
forming the EDL, especially after the PMC.
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Table 4.1 — Pauling ionic radii, hydrated ion size, number of water molecules in this shell,
and ionic conductivity values.

Ton Ry R, n s
size [A] size [A] Y [S em? mol]

Lit 0.69%) 3.82P) 5.22) 38.69P)
Na™t 1.02%) 3.58P) 3.5%) 50.11P)
K+ 1.38%) 3.31P) 2.6%) 73.50P)
OH 1.33% 3.00P) 2.7%) 198.00"
Cl 1.81%) 3.32P) 2.0%) 76.31P)
Cl04- 2.50%) 3.38P) 1.4%) 67.30P)

Source: ®from ref. [164] P from ref. [36]

Based on Table 4.1, it is presented how the anions and cations from electrolytes
behave in different pore size distributions. Initially, it is observed from Figure 4.7 that
the electrolytes formed by the anions Cl- and ClO4- have a PMC reached until 80 PSI
while electrolytes composed with the anion OH- have a PMC up to 140 PSI. More
recent experimental and computational evidence suggests that this abnormal increase in
capacitance happens because the highest energy storage in the EDL occurs when the pore
width and the ion size have proximity same dimension, forming a superionic state (that is,
theory for ionic liquid) [46-48,148,149].

In complement, our results point to an unexpected result because some exper-
imental and theoretical studies have presented that the superionic state happens when
the pore size matches the ion size for ionic electrolytes [133,165-170]. Nevertheless, to
aqueous electrolytes and AC electrodes, the results indicate that the superionic state
happens when the pore size matches the hydrated ion size. The schematic presented in
Figure 4.8 clarifies the three ion dynamics conditions inside the AC’s pores concerning the
compression applied. Initially, Figure 4.8 (a) presents how the adsorption occurs when
the pore size is wider than the hydrated ion size. In this state, micropore size was not
significantly changed by the compression applied. Then Figure 4.8 (b) demonstrates the
superionic state when the pore width has almost the dimension of the hydrated ion after
compress the AC. At least, Figure 4.8 (c) exhibits how the ions lose their solvation shell
to come inside pores smaller than their hydrated ion size due to excessive compression of
the AC’s electrode. As a result, the match between the ion and pore width only happened
with at least 120 PSI to the KOH and LiOH electrolytes due to the small, hydrated ion
size from OH-. The compression reduces the micropores until they have approximately
the dimension of the hydrated ion size, which is the best condition to form the EDL.

Likewise, the electrolyte KOH presents the highest PMC because of a minor
combination of anion and cation hydrated ion size. In contrast, the LiCl electrolyte shows
the lowest PMC due to their highest combination of hydrated ions size (Figure 4.7). As

presented in Figure 4.7, it is observed that electrolytes composed with the anion OH-
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Figure 4.8 — Ton’s adsorption in the porous structure. (a) High pore width concerning
hydrated ion size. (b) Demonstrate the superionic state that appears when
the pore width approximates the dimension of the hydrated ion size. (c)
Represents the ion’s desolvation process to come inside tiny pores.

promoted a slower fall in capacitance after reach the PMC. So, it is expected that the
anion OH- has a higher facility to access the smallest pores and improves the EDL. That

is highly associated with its higher ionic conductivity and smaller ion size (Table 4.1).
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Figure 4.9 — Cyclic voltammetry curves at a scan rate of 100 mV s to the highest
capacitance found according to pressure applied.

Figure 4.9 shows the almost rectangular CV curves at 100 mV st and 1 V of
WVW. However, it remains rectangular even at higher scan rates (Figure B.1 (d) to Figure
B.5 (d)). A high scan rate is possible due to a reduction in the resistive portion of the
time constant (i.e., v = RsC'), improved by the electrode’s correct compression, where Rs

is the system’s resistance and C' the capacitance.
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Figure 4.10 — Cyclic voltammetry curves at a scan rate of 100 mV s and 1 V for the
following electrolytes (a) KOH, (b) LiOH, (c¢) KCI, (d) LiCl, and (e) NaClO4
at different levels of compression. (f) Cyclic voltammetry curves measures
when the electrodes short-circuit among them, usually after applying more
than 260 PSI.

Figure 4.10 (a-e) depicts the shapes of CV curves at 100 mV s from 40 PSI to
260 PSI to all electrolytes. Initially, an elliptic-like CV curve can be seen at low pressures
from 40 to 60 PSI because the resistive portion is much higher than the capacitive (i.e., Rs »
C) due to the low contact resistance and dispersion of the electrode particles. At pressures

higher than the PMC, a flatness in CV shapes is caused by the specific capacitance
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reduction shown in Figure 4.9. In addition Figure 4.10 (f) reflects the SC’s collapse seen as
a substantial asymmetric increase in the CV’s current due to an excessive pressure applied

over the cell that causes a short circuit among the electrodes [82].

Figure 4.11 highlights the effect of pressure on the EDR extracted from GCD. As
summarized by Mei and co-workers [133] the EDR shows the sum of all internal resistances
as (1) bulk electrolyte resistance, (i) the electrode resistance, (7ii) the electrolyte resistance
in the pores of the electrode, (iv) resistance between the electrode/current collector, (v)
nonuniform electrode pore size and (vi) roughness. So, in this case, at 60 PSI, the EDR is
high due to the low contact resistance between the electrode/current collector and the
high electrolyte resistance in the electrode pores. However, the EDR started to decrease
exponentially until 140 PSI, where they reached a plateau region. These findings show

that no more pressure is necessary to reduce the EDR.
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Figure 4.11 — Equivalent distributed resistance extracted from galvanostatic charge and
discharge measurements.

About the ions features concerning the EDR, it is possible to see that electrolytes
with the anion Cl- have a lower EDR. The EDR considers the electrolyte resistance in
the electrode’s pores [133]. So probably as the LiOH electrolyte has an average EDR of
1.96 2 and KCI 0.58 €2, some feature favors the ion K+ and Cl- to falls the EDR. Based
on that, it is possible to infer a correlation between the ions of low EDR with the low
number of water molecules on the ion’s solvation shell. It appears to happen because ions
with a lower amount of water molecules on the solvation shell have a higher facility to
lose the water molecules of their solvation shell to come inside in very tiny pores. Another
hypothesis raised is related to the Pauling ionic radii, mainly because ions will access the
deeper pore structures if it is small. So, the further ion diffusion inside the pore structure,
the higher the ion’s resistance [73]. Consequently, KCI has the lowest EDR due to its
combination of anions and cations of the highest Pauling ionic radii and LiOH for the

opposite reason (Figure 4.11).
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As seen in Figure 4.12, the rise in ESR suggests that the separator has also been
affected by the compression. Mainly because more recent evidence highlights that porosity
and ionic conductivity of separators are reduced after apply compression [171-173]. So,
as the ESR is related to the bulk electrolyte, the low ionic conductivity of the separator
difficult the ion diffusion on the bulk electrolyte; thus, the ESR rises after compressing
the cell. Surpassing the separator effects, the electrolyte between the electrodes also leaks,
creating some dry spaces between electrode and separator [79,85], as seen in Figure 4.13
(a-b). As a result, ions diffusion does not happen anymore in these spaces, raising the
ESR because it is directly proportional to the available area. So, in addition to micropore
reduction and low wettability of the AC, the electrolyte leakage also explain why the
capacitance starts to drop after reaching the PMC (Figure 4.7). The bulk electrolyte is
highly related to the electrolyte’s ionic conductivity. For this reason, it is seen that the

KOH electrolyte has the lowest ESR to all compression levels.
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Figure 4.12 — Equivalent series resistance obtained from electrochemical impedance spec-
troscopy measures to the frequency of 100 kHz.
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Figure 4.13 — (a) Cell assembled without any compression. (b) Cell assembled with a high
compression level causes an electrolyte leakage

Figure 4.14 (a-b) highlight that the point of Maximum Specific Energy (MSE)
does not match with the point of Maximum Power Transfer (MPT) concerning the applied
pressure to all electrolytes. For example, for the LiCl electrolyte, the MSE is reached by
applying 80 PSI. In contrast, the MPT is reached only after 120 PSI. It is essential to
highlight that prioritizing MSE or MPT can provide diverse Ragone plots [174], as seen
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in Figure 4.15. So, the manufacturers and the academic community need to select the
most important feature between MSE and MPT before manufacturing the SC to produce

devices more adequate to a required application. Figure 4.16 shows the best way to identify
the better MPT and MSE points according to the applied pressure.
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Figure 4.15 — Ragone Plots. (a) Concerning the point of maximum specific energy and (b)
regarding the point of maximum power transfer.

To assess if there is electrode deformation and how it can change the SCs
electrochemical behavior, Figure 4.17 presents a comparison among compressed and
decompressed cells. Firstly, the cell was compressed from 40 to 260 PSI. Secondly, the
cell was decompressed until 40 PSI after reach 260 PSI. With that, pieces of evidence can
be accessed inferring the electrode suffered a plastic deformation. This scenario can be
seen in Figure 4.17 (a-e). After compress the cell and return to the initial state, the CV
curves strongly differed at 40 PSI. It fits very well with the nitrogen adsorption/desorption
isotherms findings, the AC’s materials only presented diverse isotherms results because the

samples did not return to their initial state after release the compression (Figure 4.4 (f)).
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Figure 4.16 — Theoretical behavior of capacitance and equivalent distributed resistance of
an supercapacitor under compression.

Besides that, is seen to all electrolytes that decompressed states have straiter
CV shapes. It means that the AC material also suffered an elastic deformation for not
returning to PMC shape. So, to achieve the PMC during the SC’s manufacturing is
fundamental to compressing the electrodes before the cell assembly. In addition, and not

less important, it is necessary to compress the cell continuously with a correct pressure.

Figure 4.18 shows the Nyquist plots obtained at different compression levels.
As observed, the Nyquist plots also represent a clear correlation between the frequency
domain responses and the compression applied. The most remarkable results emerged
from the High Frequencies (HF) (e.g., f > 10 Hz) and Low Frequencies (LF) (e.g., f <=
10 Hz) domain analysis. The semi-circles seen in Figure 4.18 (a-e) are usually interpreted
as a Charge Transfer Resistance (RCT) due to functional groups’ presence over the
electrode surface or unwanted faradaic reactions [175]. However, some authors suggest
that it is most reasonable to occur due to interfacial impedances between the current
collector/electrode [63]. For our best understanding, this interfacial impedance hypothesis

fits much correctly with the findings.

As seen in Figure 4.18 (a-e), the interfacial impedance reduced 289 % and 283
% after increasing pressure from 60 PSI to 260 PSI to the NaClO4 and KCI electrolytes.
Moreover, one can be observed that after applying 140 PSI, the semi-circle diameter
almost did not change with compression. It suggests that the interfacial contact between
the current collector/electrode occurs almost completely. The residual semi-circle seen in
HF (Figure 4.18 (a-e)) is attributed to the electrolyte resistance in the electrode’s pores.
On the other hand, the Nyquist plot of a typical EDL formation, i.e. in the absence of
water-splitting or undesired faradaic reactions, is represented by a vertical line parallel to
the imaginary axis (i.e., -Z;yy) [32]. At LF domain, the Constant Phase Element (CPE))
can be used in the canonic model for fitting the ‘frequency dispersion phenomenon’ related
to rough/porous electrodes [32]. In other words, the impedance Z.,. = 1/Y(j 27 f)"
must have a phase angle higher than -83° (i.e., n > 0.9) to represent a good EDL’s
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(d) LiCl, and (e) NaClOy. (f) exhibits the percentage-specific capacitance for
all electrolytes at a current density of 4 A g''. The percentages are related
to the point of maximum capacitance of each electrolyte.
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formation [32,77]. As presented in Figure 4.18 (a-e), the phase angles decreased after
applying compression to all electrolytes. The phase angle decreases from 87° (n = 0.97)
to 83° (n = 0.92) and 87° (n = 0.97) to 82° (n = 0.91) after increase pressure from 60
PSI to 260 PSI for LiOH and LiCl electrolytes, respectively. It supports the fact that the
morphological change of AC electrodes difficult the ionic penetration into pores at LFs

conditions.



CHAPTER 4. ELECTRODES UNDER COMPRESSION 78

Figure 4.18 (f) evidences the frequency in which the EDL starts to be formed
massively, usually called “knee frequency”. Li and co-workers have demonstrated the
possibility of improving the knee frequency of aqueous supercapacitors compressing the
single-walled carbon nanotubes electrode [44]. Here is seen the same possibility. The knee
frequency extracted from Nyquist plots (Figure 4.18 (f)) shows an improvement to all
electrolytes. Its improvement occurred mainly to the KCI and LiCl electrolyte reaching
650 Hz and 400 Hz each other at 260 PSI. So, the higher knee frequency increases the
range of possibilities of SC applications, mainly to high-frequency electronic devices. It is
necessary to highlight that the knee frequency also is driven by the electrolyte features.
In this case, the higher frequency reached by the anions Cl- and ClOy4- is caused by the
number of water molecules. It is propose that the lowest number of water molecules in
the shell turns easier for these anions to come inside the electrode’s pores. So, the time
required to access the pore’s structures is faster. It also suggests that ions with many

water molecules have difficulty losing their solvation to access the deeper pore structure.

4.4  Concluding Remarks

This chapter described how the compression modified the pore size distribution
of an AC electrode and the ion’s dynamics into the pore structure regarding several
electrochemical measures that helped explain the correlations in operation conditions. The
results showed that the state of a maximum energy storage point was achieved when the
electrode was compressed until the micropores match in dimensions with the electrolyte’s
hydrated ion size. The compression form a superionic state that increases the capacitance.
The level of compression required is different according to the electrolytes used. KOH
electrolyte that has the lowest combination of cation and anion size required the highest

electrode compression.

In contrast, the LiCl that contains the largest hydrated ion size required a
lower level of compression to achieve a superionic state that provided the maximum energy
storage. The Pauling ionic radii, hydrated ion size, number of water molecules in the
shell, and ionic conductivity are highly associated with the SC’s performance and the
electrode pore size distribution. The findings might not be generalized to all kinds of
porous materials as carbon nanotubes or graphene because these materials’ deformation
features are entirely different from the AC. So, the study provides considerable insight
into the manufacturing of activated carbon SCs. For some electrolytes, the MSE is not
achieved at the same electrode’s compression as MPTs. So, there is the need to define the
essential feature between MSE and MPT to prioritize during the SC’s compression and

manufacturing.
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5 Sodium Electrolytes Supercapacitors at Low

Temperatures

SCs using concentrated aqueous-based electrolytes can work at low tempera-
tures due to their intrinsic properties, such as higher FPD and robustness. Besides the
traditional organic- and aqueous-based (salt-in-water) electrolytes used in SCs, WISE
sodium perchlorate electrolytes offer high FPD, non-flammability, and low-toxicity condi-
tions, allowing the fabrication of safer, environmentally friendly, and more robust devices.
For the first time, this work reports a comprehensive study regarding a WISE system’s
charge-storage capabilities and physicochemical properties under low-temperature condi-
tions (7" < 0 °C) using mesoporous carbon-based electrodes. The effect of temperature
reduction on the electrolyte viscosity and electrical properties was investigated using
different techniques and the in-situ (or operando) Raman spectroscopy under dynamic po-
larization conditions. The cell voltage, equivalent series resistance, and specific capacitance
were investigated as a function of the temperature. The cell voltage (WVW) increased ~
50%, while the specific capacitance (Cypec) decreased ~ 20% when the temperature was
reduced from 25°C to -10°C. As a result, the specific energy (E = C*V?/2) increased ~
100%. Therefore, low-temperature WISEs are promising candidates to improve the energy-
storage characteristics in SCs. Remembering that this chapter reproduces the published
scientific paper in the Journal of Energy Chemistry, "Boosting energy-storage capability in

carbon-based supercapacitors using low-temperature water-in-salt electrolytes' [93].

5.1 Experimental Procedures

5.1.1 Electrode Preparation

The mesoporous carbon BKP electrodes used in the symmetric aqueous-based
supercapacitor were obtained from as-prepared MWCNTs model Ctube-120 from CNT
Co. Ltd. (South Korea). The electrode (BKP) preparation method was presented in detail
elsewhere [176]. In brief, a suspension (1:10 wt%) containing MWCNTs and sodium dodecyl
sulfate from Sigma-Aldrich® (CAS-No: 151-21-3) was prepared using 0.2 dm? of deionized
water (18 M€ cm). Afterward, the suspension was sonicated and filtered using a model
SL-61 vacuum pump from SOLAB for 45 min. This process was completed in 3 steps of 15
min. Finally, a filtering system with a controllable volumetric flow rate was employed to
produce the BKP disks. Each electrode has a 10-mm diameter and a carbon mass of 2.5

mg.
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5.1.2  Viscosity and Conductivity of Sodium Water-In-Salt Aqueous Electrolyte

The viscosity of the electrolytes was measured using a viscometer model SNB-
1A from MesuLab Instruments Co. Ltd. (Guangzhou). The conductivity was measured by
a conductivity probe K10 connected to an Arduino Uno Rev3 microcontroller board from
Arduino® and calibrated with a standard solution (1 M of KCI from Sigald®, CAS-No:
7447-40-7). A beaker was boiled for 1 h a day before taking the calibration measurements
to avoid any contamination caused by sodium or calcium remaining in the glassware. In
addition, to avoid the formation of carbonic acid (HoCOj3) due to the presence of carbon
dioxide (COs) in the atmosphere, the electrolyte was sonicated and bubbled with pure
nitrogen gas using a beaker with a Parafilm® layer on top to avoid as much as possible the
presence of CO, during the measurements. Concerning the acquisition of the viscosity and
conductivity at different temperatures, the procedure performed to avoid carbonic acid
and beaker contamination was repeated. Before each measurement, 50 cm? of the 17-m
NaClOy (Sigald®, CAS-No: 7601-89-0) solution was thermostated at -12°C and stabilized
for 12 h.

5.1.3 Raman Spectra Measurements

The Raman spectra of the electrolyte at different temperatures were acquired
with a Renishaw inVia spectrometer. The spectrometer parameters were set to provide
reliability and quick measurements to avoid temperature changes during the experiment.
As a result, we used a 785-nm wavelength excitation laser and a 50X objective lens.
Experiments were carried out with 1 accumulation and 10 s of exposition, resulting in
less than 1 min of measurement time. The laser power was adjusted to 10% to avoid
temperature changes and solvent evaporation. The equipment was calibrated using an

internal silicon pattern (520.5 cm™).

A particular experimental setup was adopted to ensure isothermal conditions. To
reach the lowest temperature, a sealed glass bottle was filled with the electrolyte, degassed,
and maintained overnight in a refrigerator at -12°C. After that, the electrolyte sample was
removed for analysis. The sample was introduced in a small metal container immersed
in an ice bath to keep the electrolyte temperature constant inside the spectrometer. The
temperature was monitored using a digital thermocouple. A natural cooling process was
adopted for the studies at other (higher) temperatures (T > -12°C).

5.1.4 Electrochemical measurements

Electrochemical experiments were performed using a standard CR2032 coin cell
containing the BKP electrodes separated by a mesoporous membrane model TF4030 (e =

30 pm and porosity of 73% - Nippon Kodoshi Co.) soaked with a 17-m NaClO,4 aqueous
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solution. Electrochemical data were collected at different temperatures (e.g., -10, 0, 10,
and 25°C). The electrochemical techniques used were CV, GCD, EIS, and SPSC.

All experiments were accomplished using a model BCS-128 potentiostat from
Biologic®. The EIS experiments were carried out at different d.c. voltages in the range
of 1.2 to 1.8 V. Sinusoidal signals with a small amplitude of 10 mV (peak-to-peak) were
applied in the frequency range of 10 kHz to 10 mHz. The CV measurements were performed
using scan rates in the interval of 1 to 200 mV s and different voltage windows in the
range of 1.2 to 1.8 V. The GCD experiments were performed at gravimetric currents in
the 0.016 to 15 A g! interval.

The specific capacitance was determined using Equation (4.1). Based on the
specific capacitance, it is possible to calculate the specific energy by Equation (4.2) and

the corresponding maximum power by Equation (4.3).

5.2 Electrochemical Responses

Figure 5.1 to Figure 5.5 show the electrochemical findings obtained from
different techniques as a function of the electrolyte temperature used to identify the best
WVW, as recently proposed in the literature [77]. Figure 5.1 shows the CVs from 1.2 to 1.8
V at 10 mV s at different temperatures. For the different temperatures, the CV findings
showed an almost ideal Electric Double-Layer Capacitor (EDLC) behavior characterized

by symmetric rectangular voltammetric profiles.

It was verified that the upward anodic current following an exponent trend
is close to the anodic vertex (limit) voltage Anodic Vertex Voltage (AVV), which is
characteristic of the onset of the electrolyte decomposition. Basically, the influence of
temperature and applied potential (or voltage) on faradaic reactions is dictated by the well-
known Butler-Volmer’s phenomenological model based on Transition State Theory (TST)
proposed by Eyring. This theory establishes the dependence of the heterogeneous rate
constant for faradaic reactions on the activation parameters, temperature, and overpotential
by

k= Axexp <ARC;> , (5.1)

where A is the Arrenhius’s pre-exponential factor, AG? is the Gibbs’ activation energy
for the electron transfer reactions, R the universal gas constant and T the absolute
temperature [177]. As seen from Equation (5.1), for a given overpotential (e.g., AVV), the
electron transfer rate for water-splitting decreases with temperature reduction. Therefore,
the use of WISE at reduced temperatures can permit the enlargement of the working

voltage window for SCs.
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Figure 5.1 — Cyclic voltammetry performance at several voltages (i.e., 1.2V, 1.4V, 1.6 V,
and 1.8 V) and varied temperatures. Figure adapted from [93].

Overall, these findings revealed an improvement in the capacitive voltage range
(or working voltage window for SCs) at low temperatures since the onset of the water-
splitting reaction was displaced towards more positive voltages [178]. It means, increasing
the WVW to 1.6 V at 10°C and 1.8 V at 0°C and - 10°C (Figure 5.1 (b, ¢ and d)). In
addition, Figure 5.2 presents the low scan rate CVs (e.g., 1 mV s and 1.8 V) for the
different temperatures. It is possible to notice the difference in the current increase at
the AVV as a function of the temperature. In addition, Figure 5.3 shows the CVs for
the best WVW at different scan rates. As can be seen, in all cases, the quasi-rectangular

voltammetric profile was verified.

These findings were used to confirm the onset of water-splitting close to the
reversal (vertex) voltages since at low scan rates (v — 0), the faradaic current (If) under
kinetic control (If = Iy.exp(aFns/RT)) is maximized over the capacitive current (Ic =
Ceal.V, where v is the scan rate). In the former equation (Butler-Volmer’s model under
the high-field approximation), one has that Iy is the exchange current measured at 7, —
0, while a (= 0.5) is the charge-transfer coefficient. The other symbols have their usual
meaning. Unfortunately, several literature reports evaluated the WVW at high scan rates,
leading to misleading findings. In these cases, the faradaic current due to water-splitting

is commonly suppressed by the capacitive electrode response.
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Figure 5.2 — Cyclic voltammetry measurements at 1 mVs' and 1.8 V, for different tem-
perature condition. (a) at 25°C, (b) 10°C, (c¢) 0°C and (d) - 10°C. Figure
adapted from [93].

The EIS technique can yield important information for the study of SCs. The
main parameters commonly obtained from the impedance experiments are the overall
ohmic resistance (e.g., electrolyte, electrode, and current collector), denoted as equivalente
series resistance (R.s,), the electrical double-layer capacitance (Ceq), and the frequency

dispersion at high frequencies which gives information about the porous electrode behavior

(De Levie’s model) [133].

In this sense, impedance measurements were performed at the same voltage
(WVW) considered in the CV experiments to permit a comparison between the different
techniques. In addition, the analysis of the low-frequency data gives information regarding
the presence of water-splitting, i.e., deviations from the linearity verified in the complex-
plane plots at low frequencies commonly indicate the presence of water-splitting. In
this case, the impedance response is no longer purely capacitive since a charge-transfer

resistance (R) related to the faradaic process appears in parallel to the EDL charging

process.

Nyquist plots for the WISE-based SCs at different temperatures are shown in
Figure 5.4 (a, b, ¢ and d). Generally, well-behaved SCs are characterized by low-frequency
phase angles () greater than ca. -83°, i.e., from the perspective of the CPE approach
used to represent the frequency dispersion phenomenon intrinsic to solid electrodes, where
Zepe = 1/Y0 (jw)", a good SC behavior is associated with n > 0.90 since in these conditions
Yy &~ C.q. The unit of an actual capacitance is the farad (F = s Q7!), while in the case of

a CPE, one has the fractal unit given by F s" !

The conversion of Yj to C.q; can be achieved using the ‘Brug-Sluyters’ formula.

Figure 5.4 (a) shows well-behaved impedance data with a low-frequency phase angle of -86°
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Figure 5.3 — Cyclic voltammetry measurements at different scan rates for the correct
working voltage window and temperature condition. (a) at 25°C, (b) 10°C,
(c) 0°C and (d) -10°C. Figure adapted from [93].

(n = 0.95) obtained at 25°C and 1.2 V. For 10°C, an almost ideal phase angle of -87° (n =
0.97) was verified at 1.4 V (see Figure 5.4 (b)). It was verified for 0°C and 1.6 V a phase
angle of -86° (n = 0.95) (see Figure 5.4 (c)). Furthermore, as shown in Figure 5.4 (d), at
-10°C and 1.8 V, the phase angle is -87° (n = 0.97). Therefore, the EIS technique permitted
the identification of small changes in the electrical double-layer capacitive behavior as a

function of the temperature and voltage conditions.

Nevertheless, to confirm the best WVW, the SPSC technique was applied since
the study in the time domain involving the analysis of current transients makes it possible
to discriminate the capacitive and faradaic responses. For an ideal SC, the SPSC current

response is given by

[c = (5 V/Resr) * exp(_t/Resr-Cdl)a (52)

where 0 V' is the applied voltage step (pulse) and (6 V/R.s,) is the initial current measured
(Ip) at t — 0. For the most laboratory-made coin cell devices, which exhibit a short time

constant (7 = Res*Cyy), the capacitive current must practically fade away, corresponding
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Figure 5.4 — Electrochemical impedance spectroscopy performance at several voltages (i.e.,
1.2V, 1.4V, 1.6 V,and 1.8 V) and varied temperatures. Figure adapted from
[93].

to a current reduction (e.g., I./1p.100%) of ca. 98% after ~ 1-20 s, depending on the
electrode size and the active mass. Therefore, the verification of non-negligible stationary
(residual) currents (> 2%) in the SPSC experiments reveals the presence of an irreversible
faradaic process (e.g., water-splitting), [1] since the latter does not depend on the elapsed

time according to Butler-Volmer’s model.

Figure 5.5 (a-d) shows the residual currents measured for the different experi-
mental conditions up to 300 s. Generally, the use of low temperatures reduces the onset
of the water-splitting reaction [142]. In all cases, current reductions higher than 99%
were verified, i.e., maximum and minimum residual currents of 6.6 and 0.2 mA g! were
verified for initial currents (Iy) of 3.1 and 1.3 A g!, respectively. Therefore, considering
the SPSC experiments, one can discard the occurrence of water-splitting for practical
purposes. It is worth mentioning that due to the high precision exhibited by the SPSC
technique, the presence of minimal residual currents (e.g., I./Iy < 1%-2%) is commonly
attributed to the presence of adventitious contaminations in the electrolyte solutions due
to minute impurities present in the several chemicals used as-purchased, (i.e., without
further purification) [22].
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Figure 5.5 — Chronoamperometry performance at several voltages (i.e., 1.2 V, 1.4 V, 1.6
V, and 1.8 V) and varied temperatures. Figure adapted from [93].

The viscosity and conductivity of the electrolytes were measured as a function
of the temperature to understand better the electrochemical behavior exhibited by the
WISE-based SCs. Figure 5.6 shows the conductivity and viscosity of the WISE as a
function of the temperature. As can be seen, the viscosity exhibited a pronounced linear
decrease from -10°C to 0°C. On the contrary, for the temperature range of 0°C to 25°C,
only a monotonically decrease was detected in the experiments. At the same time, the
conductivity increased asymptotically for the entire temperature interval. However, the

quantitative analysis of these findings is not straightforward.

Most studies involving the physicochemical properties of highly concentrated
electrolytes (e.g., WISE) under non-equilibrium thermodynamic conditions incurred by
the presence of a finite electric current flow, as is the case of the electrolyte conductivity,
are empiric. From the theoretical viewpoint, even for diluted and moderate ionic solutions
(e.g., ~ 0.001-2.0 m) there are several difficulties due to the following phenomena: [179] (7)
short- and long-range ion-ion interactions, (i¢) electrophoretic phenomenon involving the
‘dragging of the solvent species’ in an electric field, (74) ‘relaxation effects’ of the ionic
cloud, and (iv) formation of ion pairs (e.g., the presence of dissolved, but undissociated

ionic species).
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Figure 5.6 — Conductivity and viscosity of NaClO4 water-in-salt aqueous electrolytes at
different temperatures. Figure adapted from [93].

To quote, the electrolyte theories valid for equilibrium or non-equilibrium
conditions, proposed by Debye-Hiickel, Onsager, Fuoss, and Falkenhagen, are indeed
‘limiting laws’ valid only for diluted solutions (e.g., ~ 0.001-0.1 m). It is worth mentioning
that some modified versions of these electrolyte theories, such as the Bates-Guggenheim and
Robinson-Stokes semi-empirical models, among others, have their applications extended to
more concentrated solutions (e.g., ~ 1 m) at the expense of using one or more empirical
(adjustable) parameters. In this sense, the existing semi-empirical models are, in practice,
sophisticated correlation functions. [180,181] Even so, the maximum concentration values
under investigation are far from that used in WISEs whose concentrations can reach up to
ca. 10-20 m.

The semi-empirical model proposed by Wishaw-Stokes-Falkenhagen can be
mentioned as a practical example of the complex scenario behind the study of electrolyte
solutions. The latter relates the conductivity and viscosity at moderate concentrations (c

< 4 m) for asymmetric (1:1) electrolyte as follows: [179]

An_ <A0 - BQW) (1 + M) , (5.3)

no 1+ ka X

where A and 7 are the specific (molar) conductivity and viscosity of the solution at a
given temperature, while A° and n° are the standard water conductivity and viscosity at
the desired temperature, respectively. By is the temperature-dependent electrophoretic
coefficient, m is the molality, k is the Debye-Hiickel reciprocal length, a is the mean ionic
diameter (e.g., an adjustable parameter), and 1 + ATX is the Falkenhagen’s relaxation
electric field factor accounting for the finite ion size. Please, for further details, see the Eq.

(11.50) and the respective discussion in the seminal book by Robinson and Stokes [179].
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It is worth mentioning that the experimental determination of the ‘relaxation electric
field factor’ is not a facile task. The proper choice of an arbitrary/adjustable parameter is

necessary to account for the effective ionic radii.

Therefore, the theoretical difficulties intrinsic to the study of concentrated
solutions strongly preclude developing fundamental models for WISEs. In this sense, the use
of computation methods (e.g., Monte-Carlo and Molecular Dynamics) based on different
correlation functions is helpful for the study of different properties of the electrolyte
solutions [180]. However, even these methods have shortcomings when some crucial aspects
of the system cannot be disregarded or even simplified in the theoretical calculations to

result in acceptable computation times.

Figure 5.7 shows the electrochemical findings obtained using different techniques
for WISEs at different temperatures. The SCs were tested at a low gravimetric current for
all temperatures, exhibiting the best triangular capacitive behavior at -10°C. The relaxation
time constant (79 = 1/f;) was evaluated at -45° for the different temperatures using the
impedance technique (see Figure 5.7 (c)). The 7, value is the smallest time required to
promote charge and discharge in SCs with an efficiency higher than 50% [182]. As seen, the
relaxation time increased more than 155% after the temperature decreased from 25°C to
-10°C, (i.e., the charging and discharging processes at the lowest temperature demanded a
three-fold relaxation time increase compared to ambient temperature). These findings are
higher compared to those reported in the literature [43]. The high-frequency characteristics
of SCs as a function of the temperature can be crucial for practical applications. As seen
in Figure 5.7 (d), after 0.1 Hz, the influence of temperature becomes pronounced. The real

component of the impedance is the main cause of the observed changes.

Figure 5.8 shows the electrochemical findings obtained from different techniques
at diverse temperatures. The SCs were measured at the correct WVW of each temperature
condition (e.g., 1.2, 1.4 V, 1.6 V, and 1.8 V for 25°C, 10°C, 0°C, and -10°C, respectively).
As presented in Figure 5.8 (a), the specific capacitance decreased 17% as the temperature
decreased (e.g., 17.4 F g1 @ 25°C and 14.4 F g'! @ -10°C). These findings can be understood
considering that the ionic mobility is reduced at low temperatures while the electrolyte
viscosity increases [147,183]. At lower temperatures, the solute-solute interaction becomes
more pronounced, and the ionic mobility in the Helmholtz plane is more restricted during
the charge-discharge processes [146]. Also, the ionic desolvation at interfaces decreases with
temperature decreasing, reducing the ionic drift, especially into the smaller micropores [51].
Hence, the electrical double layer (EDL) capacitance decreases, affecting specific energy
(see the Ragone plot) [147].

Remembering that E = C*V?/2 gives the stored energy in SC, a capacitance
decrease can be compensated when a substantial voltage increase is attained at low

temperatures. Figure 5.8 (b) contrasts the specific energy and power in a Ragone plot at
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Figure 5.7 — Electrochemical performance of the supercapacitor at different temper-
atures. (a) Cyclic voltammetry curves at 10 mV s*. (b) Galvanostatic

charge/discharge curves at 0.02 A g'. (¢) Phase angle as a function of
frequency. (d) Impedance as a function of frequency. Figure adapted from

[93)].

different temperatures [126]. As verified, maximum specific energies of 3.5 and 6.5 Wh kg™!
were verified at 25°C and -10°C, respectively. Therefore, the stored energy increased 86%
for the maximum temperature reduction. On the contrary, after reducing the temperature
from 25°C to -10°C, the specific power fell about 17%. This behavior can be understood
considering the voltage increase is not entirely compensated by the equivalent series
resistance increase entailed by the high viscosity attained at reduced temperatures (Please
see Equation (4.3)).

Figure 5.8 (c) reveals the excellent capacitance retention values higher than
97% obtained for the different temperatures. In all cases, these findings indicate a high
level of device stability, consistent with the absence of water-splitting in the different
experimental conditions [184, 185]. Figure 5.8 (d) shows that temperature affects the
specific capacitance concerning the gravimetric current for values higher than 5 A gt.

These findings indicate that the ionic drift in the presence of an external (oscillating)
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10 thousand cycles of charge and discharge at 2 A g!. (d) Specific capacitance
to different conditions of charge and discharge cycles. Figure adapted from
[93].

electric field (charge migration) is mainly affected at higher specific currents, i.e., under
conditions where a rapid motion of the positive and negative ionic species is necessary

even in the presence of reduced mobility attained at higher viscosities.

The above considerations verify that low-temperature conditions used in WISE-
based SC can benefit energy storage when the applied current does not exceed the threshold

limit inherent to the particular electrochemical system.

5.3 Frequency Domain Analysis

Figure 5.9 contrasts the impedance data obtained from the complex-plane

analysis using the Complex Nonlinear Squares (CNLS) fitting method. Simulations were
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accomplished using Conway-Tilak’s circuit model (e.g., Res*[Cear/(R1*Caas)]) proposed
for the study of the electrode/solution interface in the presence of a pseudocapacitance
[174,186-188]. Here, one has the following circuit parameters for the symmetric coin
cell: (i) Res is the equivalent series resistance; (i) Ceq is the electrical (electrostatic)
double-layer capacitance; (iii) R; is the leakage (or charge-transfer) resistance due to
oxidation-reduction of oxygenated surface groups present on carbon materials; (iv) C,gs is

the adsorption pseudocapacitance incurred by the solid-state faradaic (redox) processes.

(b)
11.4+
-~ 108 { + _____ {
o0 ‘o _ -
29 =, 5
2 % 1021 /
! 3 4
© o /
2 € 96
3 y
% 2 9.0 {/
0-— T T T T T T T 8.4 -— T T T T T T T
-10 -5 0 5 10 15 20 25 -10 -5 0 5 10 15 20 25
(] 0
(C) Temperature (°C) (d) Temperature (°C)
254 & 9000
\
1804 \ 8000
— \
o0 \ C) 1
3 1. \} = 7000
~ N e
4 6000 -
0 \ <3
< 90 N
N 5000
45 \} ______ "
4000 4
0-— T T T T T T T T T T T T T T T
-10 -5 0 5 10 15 20 25 -0 -5 0 5 100 15 20 25
Temperature (°C) Temperature (°C)

Figure 5.9 — Impedance data obtained from the complex-plane analysis. (a) Electrostatic
capacitance (the inset shows the Tilak-Conway’s circuit model used in the
fitting/simulation procedure). (b) Adsorption pseudocapacitance during a
solid-state faradaic reaction. (c¢) Equivalent series resistance. (d) Leakage or
charge-transfer resistance for the faradaic reaction. Figure adapted from [93].

The capacitors (Ceq & Clugs) were replaced by constant phase elements (CPE,
Z pe = 1/ Yo(jw)", where n ~ 1) to consider the frequency dispersion phenomenon inherent
to all solid electrodes. Afterward, the specific capacitance unities (F g!) were extracted

from the fractal unities of the Y coefficient using the Brug-Sluyters’ formula.

Figure 5.9 (a-b) shows the adsorption pseudocapacitance and electrostatic
capacitance as a function of the temperature. A similar trend for these parameters was
observed with maximum values at 10°C. However, the magnitude verified for C,4 is
much higher following the concept of pseudocapacitance. At the same time, the values
obtained for C.4 are in the expected range for carbon-based coin cells. Generally, these

data corroborate the previous GCD findings presented in 5.8 (a).



CHAPTER 5. SODIUM ELECTROLYTES SUPERCAPACITORS AT LOW TEMPERATURES 92

As already discussed in this work, the electrostatic capacitance (Ceq) is affected
by the electrolyte viscosity that controls the ion migration at the interface. On the contrary,
for the adsorption pseudocapacitance (Cyqs), where the charged species are immobilized
during the solid-state faradaic reaction, the observed behavior is due to the influence
of temperature on the activation energy barrier for electron transfer. As a result, the
surface coverage (I'oxi/red) by the reduced/oxidized oxygenated species is decreased at low
temperatures, thus reducing the C,45 values (Please see Equation (5.1) and the discussion
thereof).
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Figure 5.10 — Electrochemical impedance spectroscopy measures and their respective fitting
representation. (a) at 25°C, (b) 10°C, (c) 0°C and (d) - 10°C. Figure adapted
from [93].

As expected for ionic conductors, [144,189-193] Figure 5.9 (c) exhibits a
decrease of R, as a function of the temperature (see also Figure 5.10). Finally, Figure
5.9 (d) shows the leakage resistance as a function of the temperature. As seen, R, values
decreased almost exponentially on the temperature. Again, this behavior is due to the
influence of temperature on the activation energy for electron transfer, i.e., according to
Eyring’s equation (Transition State Theory), the population of the redox species involved in
a faradaic reaction exponentially increases as a function of the temperature [73,194]. Thus,
low surface coverages (I'oxi/red) referring to the activated-complex structure at reduced
temperatures decrease the electron transfer rate at the electrode/electrolyte interface. A
comparison between the EIS findings and the fitting quality at all temperatures can be

found in Figure 5.10.
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5.4 Raman Spectroscopy Analysis

To better understand the behavior of the ClO4- anion structure and its vi-
brational modes at several temperatures, we investigated the modification of the Raman
bands. Figure 5.11 (a) presents the Raman spectra obtained for a 17-m sodium perchlorate
aqueous electrolyte at different temperatures. As seen, the bands slightly changed their
position and the Full Width at Half Maximum (FWHM) according to the temperature.
Figure 5.11 (b) shows the fitting obtained for the spectra at 25°C and the respective
identified bands. The insert shows the data for the characteristic vibrational modes of
perchlorate [194]. We fitted the curves to extract properly the FWHM and peak shifts,

which are presented in Figure 5.12.
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Figure 5.11 — Raman spectra for multiwalled carbon nanotubes (Buckypaper electrodes).
(a) Raman spectra at several temperatures. (b) Fitting of the Raman spectra
obtained at 25°C. Bands and vibrational modes are highlighted. Figure
adapted from [93].

Figure 5.12 (a-d) presents the prominent Raman bands at 939 cm™ and 928
cm™!. These two bands represent the same vibrational mode (fundamental and overtone)
and correspond to the in-phase stretching [195]. Figure 5.12 (b and d) evidence that these
two bands correspond to a blue shift of 2 cm™ when the temperature falls from 25°C to
-10°C, attributed to the water present in the solvation shell of the perchlorate aggregates.
The perchlorate ions are closer together to the water molecules as the temperature drops.
Figure 5.12 (a and c) highlights the FWHM reduction with the temperature drop. As seen,
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there is an increase in the organization/crystallinity of the dissolved perchlorate ions. The
narrow the FWHM, the higher the material’s crystallinity is [196]. In this case, as the
temperature drops, Raman bands narrower, evidencing a higher degree of structural order

and entropy reduction in the microsystem [197].
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Figure 5.12 — Data extracted from the fitting of the Raman spectra at different tempera-
tures, (a and b) Band 1 represents the band located at 939 cm™ and (c and
d) Band 2 located at 928 cm™. (a and c¢) The full width at half maximum
represents the level of ClO4- crystallinity. (b and d) The Raman shift of the
ClO4- stretching in-phase movement. Figure adapted from [93].

The in-phase stretching mode and FWHM behavior agree with the electro-
chemical results already discussed in this work. The lower the in-phase stretching, the
narrow is the FWHM. Thus, a larger Gibbs’ free energy is required at low temperatures
to promote the water-splitting (oxygen evolution at the anode) for a given electric field,
providing higher electrochemical stability to the electrolyte and larger WVW. As a result,
the electrolyte system seems more compact and organized, i.e., the viscosity rises due
to density increase and reduction in molecular vibration. Consequently, ionic mobility is
reduced as the viscosity increases. For this reason, it is observed that the capacitance
is reduced as the temperature decreases because the electrical double-layer formation is

affected by low ionic accessibility into the MWCNT Buckypaper pores.
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5.5 Concluding Remarks

This work reports on the electrochemical and Raman behavior of highly con-
centrated aqueous electrolytes, also known as water-in-salt electrolytes (WISE), using
carbon-based buckypaper electrodes housed in symmetric coin cells as a function of the
temperature. This work presents for the first time a comprehensive study of the electro-
chemical stability of electrolytes at reduced temperatures allowing the symmetric coin
cells (supercapacitor prototype) to have a larger working voltage window in aqueous media
(WVW). It was verified that WVW increases from 1.2 V at 25°C to 1.8 V at -10°C due
to a less favorable water decomposition. A reduction in the specific capacitance from
174 F gt at 25°C to 14.4 F g at -10°C was also verified. The temperature drop caused
a decrease in ionic mobility and increased the electrolyte viscosity, affecting the charge
transport in the compact region of the electrical double-layer. After all, the specific energy
almost doubled due to its dependency on the voltage square, increasing from 3.5 W kg
at 25°C up to 6.5 W kgt at -10°C. These crucial findings highlight the importance of
WISEs and low-temperature conditions during the charge-storage process in aqueous-based

supercapacitors.

The current study also represents an excellent initial step towards a more
flexible aqueous-based electrolyte system to be applied under cold weather conditions.
Overall, the studied electrolyte system can permit users to achieve higher specific energy
without increasing the occurrence of water-splitting, unwanted faradaic processes, and
considerable capacitance losses as a function of the charge-discharge cycles. A great
advantage in using the WISE-based systems at reduced temperatures is the possibility of
working with non-flammable and environmentally friendly substances allied to an easy
manufacturing process. Furthermore, by increasing the specific energy at low temperatures,
deep seawater submarines and electric equipment in artic researcher centers, for example,

could undergo a long-term operation under different energy and power demands.
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6 Concluding Remarks and Future Works

Energy storage devices are fundamental to stimulating transportation electrifi-
cation and mitigating global climate change. This crucial role increases interest in diverse
applications, such as developing energy storage devices that operate at low temperatures
and compressed conditions. Although SCs have shown compelling features that make
their application a promise, due to the electrostatic nature of the energy storage process,
the short distance separating the negative and positive electrodes, the absence of mass
transport by diffusion, and compressibility of the electrode. That is different from batteries

because they lose a significant part of the stored energy at low temperatures.

This study has focused on evaluating, describing, demonstrating, and discussing
electrochemical measurements of symmetric SCs at low temperature and compression. This
work presents for the first time a comprehensive study of the electrochemical stability of
electrolytes at reduced temperatures and ion’s adsorption/desorption in pore’s electrodes
at compression. It was verified that at low temperature, the WVW increases from 1.2 V
at 25°C to 1.8 V at -10°C due to a less favorable water decomposition and the specific
energy almost doubled due to its dependency on the voltage square, increasing from 3.5 W
kgl at 25°C up to 6.5 W kg! at -10°C. In addition, the results showed the presence of a
maximum energy storage point that is achieved when the electrode is compressed until the
micropores match in dimensions with the electrolyte’s hydrated ion size. Besides, the study
shows that it is necessary to continuously compress the SC cell during the fabrication
process using acceptable compression conditions to achieve high energy density and power

density levels.

There are several practical applications of aqueous electrolytes SCs at low
temperature and controlled compression, such as in the in-space avionic, astronomical
observatories, high altitude aircraft, and the manufacturing industry. The results show that
SCs in these areas could improve operating time and deliver the power of the electronic
equipment due to low-temperature conditions and controlled compression. Besides Chapter
2 and 3, assessment of the procedures aims to contribute positively to the discussion of
standardization and measurement reliability and provides practical, accessible and referred

instructions for beginner-level users of such instrumentation.

Our results are encouraging and should be investigated further by combining
compression and temperature in the same experimental setup to evaluate these two
variables together. In addition, future studies should target and improve some crucial

points to improve the results as:

e Set up an experiment that combines temperature change with SC cell compression;
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o Increase the experiment’s low-temperature range from -10°C to -40°C. To investigate
whether it is possible to increase the WVW of the SC;

o Assess whether compression affects the identification of the SC WVW. For it has

been seen that compression can affect the rate at which faradaic reactions occur;

e Set up the experiment with a three-electrode cell to investigate what happens
during the absorption and desorption of ions at each electrode at compression and

low-temperature conditions;

o Evaluate the effect of temperature for other aqueous electrolytes with a higher FPD

than sodium perchlorate at 17m:;

« To propose a mathematical model to relate the formation of the EDLC with the

superionic effect for aqueous electrolyte SCs.
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APPENDIX A - Morphological Structure of
the Electrodes and Adsorption/Desorption
Isotherms for MWCNT.

Here, it is possible to see the morphological structure of the MWCNTs electrode
and the nitrogen adsorption/desorption isotherms for MWCNT.

Figure A.1 — Scanning electron micrographs from the buckypaper electrodes composed of
multi-walled carbon nanotubes at different magnifications.
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(a) Isotherm linear plot. (b) Adsorption Pore Size Distribution Plot (dV/dD).
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Figure A.7 — EIS measurements at the potentiostatic and galvanostatic mode. Both modes
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and current equal to zero. The sinusoidal current in galvanostatic mode was
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Measurements from Compressed Electrodes at
100 PSI

Here, different electrochemical measures are presented. The results are based

on the SCs compressed at 100 PSI after the devices have been compressed until 260 PSI.
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Figure B.1 — Electrochemical measures from 1 molar of KOH electrolyte under 100 PSI of

compression. (a) Cyclic voltammetry curves at a scan rate of 100 mV s, and
(b) chronoamperometry measures of 2 minutes constant voltage for various
applied voltage levels. (c) galvanostatic charge-discharge profiles at 1.3 V,
and (d) Cyclic voltammetry curves at various scan rates from 10 to 200 mV
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Figure B.2 — Electrochemical measures from 1 molar of LiOH electrolyte under 100 PSI of
compression. (a) Cyclic voltammetry curves at a scan rate of 100 mV s, and
(b) chronoamperometry measures of 2 minutes constant voltage for various
applied voltage levels. (c) galvanostatic charge-discharge profiles at 1.3 V,
and (d) Cyclic voltammetry curves at various scan rates from 10 to 200 mV
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Figure B.3 — Electrochemical measures from 1 molar of KCI electrolyte under 100 PSI of
compression. (a) Cyclic voltammetry curves at a scan rate of 100 mV s, and
(b) chronoamperometry measures of 2 minutes constant voltage for various
applied voltage levels. (c) galvanostatic charge-discharge profiles at 1.3 V,
and (d) Cyclic voltammetry curves at various scan rates from 10 to 200 mV
st
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Figure B.4 — Electrochemical measures from 1 molar of LiCl electrolyte under 100 PSI of
compression. (a) Cyclic voltammetry curves at a scan rate of 100 mV s, and
(b) chronoamperometry measures of 2 minutes constant voltage for various
applied voltage levels. (c¢) galvanostatic charge-discharge profiles at 1.3 V,

and (d) Cyclic voltammetry curves at various scan rates from 10 to 200 mV
-1
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Figure B.5 — Electrochemical measures from 1 molar of NaClO, electrolyte under 100 PSI
of compression. (a) Cyclic voltammetry curves at a scan rate of 100 mV
st and (b) chronoamperometry measures of 2 minutes constant voltage for
various applied voltage levels. (c¢) galvanostatic charge-discharge profiles at
1.3 V, and (d) Cyclic voltammetry curves at various scan rates from 10 to
200 mV st
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