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Abstract

The first part of the dissertation is devoted to a review of the literature
on electrochemical energy storage and conversion systems. The theoretical
background begins with a general introduction to energy sources, global
approach to the need to search for alternative energy sources, and division
of energy storage systems. The next part compares the most popular
electrochemical systems, lists their advantages, disadvantages, and applications.
Particular attention was paid to the main subject of research — electrochemical
capacitors. This part of the work provides their definition, construction description,
and explains the operation principle, including the nominal parameters in their
characterization. The division and discussion of electrolytes and electrode
materials, with particular emphasis on carbon materials, were taken into account.
The final part includes information on the electrode composition, devices
production, and basic electrochemical techniques used in the experimental part.
The summary describes the economic aspect in terms of the global market
and the prospects in the coming years, including the research challenges
that formed the research in this dissertation.

In the experimental part, the research results that fit into the topic
of the doctoral dissertation have been compiled. These are three published
manuscripts (Article A2, A3, A4), two unpublished (Article Al, Ab)
and a description of the created computer program (Chapter 12). Motivation
is presented before each article for taking up a given topic, and the importance
of obtained results is emphasized. Article A1l refers to the electrode composition.
The rheological properties of the electrode slurry were related to the geometry
of the final product. Articles A2, A3 refer to the electrolyte. The first article (A2)
describes the concept of a highly concentrated conductive medium called
in the literature ‘water in salt’ type electrolyte. The second article (A3) explains
the influence of the electrolyte viscosity on the performance
of the electrochemical capacitor. The other two manuscripts are devoted
to the phenomena at the electrode/electrolyte interface — the charge

accumulation mechanism (A4) and the effect of pH on the ion fluxes (A5).
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In the dissertation, computer software (‘SPECS(it’), which was used to improve
the calculations of the collected experimental results and helped in the extensive
interpretation of data related to the accumulation of ions in the pores of electrode
material, is also briefly discussed. The obtained results from five topics
were the basis for formulating the conclusions.

The final part presents abstracts of articles that do not belong to the topic
of the dissertation, but are a valuable part of the scientific output. The list
of figures and tables, scientific achievements, as well as the literature,

which formed the basis of the considerations.
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Streszczenie

Pierwsza czesc¢ dysertacji poswiecona jest przeglgdowi literatury dotyczacej
elektrochemicznych systeméw do magazynowania i konwersji energii. Przeglad
rozpoczyna sie od ogolnego wprowadzenia zwigzanego z podziatem zrédet
energii oraz globalnego podejscia w kontekscie koniecznosci poszukiwania
alternatywnych jej zrodet. W dalszej czesci porownano najpopularniejsze
systemy elektrochemiczne, wymieniono ich zalety, wady oraz zastosowania.
Szczegb6lng uwage poswiecono gtéwnemu przedmiotu badan pracy -
kondensatorom elektrochemicznym. W tej czesSci pracy przedstawiono
ich definicje, opis budowy oraz wyjasniono zasade dziatania w tym nominalne
parametry stosowane przy ich charakterystyce. Podziat oraz omowienie
stosowanych elektrolitdw oraz materiatéw elektrodowych ze szczegdinym
uwzglednieniem materiatow weglowych wzieto pod uwage. Na koncowg czesc
sktadajg sie informacje dotyczgce skiadu elektrod, produkcji urzadzen
oraz podstawowych technik elektrochemicznych wykorzystanych w czesci
eksperymentalnej. Podsumowanie stanowi aspekt ekonomiczny w ujeciu
globalnego rynku oraz perspektywy na najblizsze lata, w tym wyzwania
badawcze, ktére stanowity podstawe badan w niniejszej rozprawie.

W czesci eksperymentalnej zestawiono wyniki badan wpisujgce sie w temat
pracy doktorskiej. Sg to trzy opublikowane manuskrypty (Artykut A2, A3, A4),
dwa nieopublikowane (Artykut A1, A5) oraz opis opracowanego programu
komputerowego (Rozdziat 12). Przed kazdym z artykutdw przedstawiono
motywacje decydujgcg o podjeciu danego tematu oraz podkreslono znaczenie
uzyskanych wynikow. Artykut A1 odnosi sie do sktadu elektrody. Wiasciwosci
reologiczne produktu posredniego elektrody, tzw. gestwy elektrodowej,
odniesiono do geometrii finalnego produktu. Artykuty A2, A3 dotyczg elektrolitu.
W pierwszym z nich (A2) opisano koncepcje wysoko stezonego medium
przewodzgcego zwanego Ww literaturze elektrolitem typu ,woda w soli”.
Drugi artykut (A3) z kolei precyzuje wptyw lepkosci elektrolitu na finalng
sprawnos¢ kondensatora elektrochemicznego. Dwa pozostate manuskrypty

poswiecone sg zjawiskom na interfejsie elektroda/elektrolit — mechanizmowi
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gromadzenia tadunku (A4) oraz wplywu pH za strumienie jonow (A5).
W dysertacji opisano pokrotce powstaty w trakcie doktoratu program
komputerowy (,SPECS(it”), ktory postuzyt do usprawnienia obliczen zebranych
wynikow eksperymentalnych i pomdégt w rozbudowanej interpretacji danych
zwigzanych z akumulacjg jonéw w porach materiatu elektrodowego. Uzyskane
wyniki z pieciu tematéw stanowity podstawe do sformutowania wnioskow.

W  koncowej czesci przedstawiono  streszczenia  artykutow,
ktore nie zaliczajg sie do tematu dysertacji, jednak stanowig wartosciowy
element dorobku naukowego. Spis rysunkéw oraz tabel, zestawienie dorobku
naukowego doktoranta, a takze literatura, ktéra stanowita podstawe

przeprowadzonych rozwazan konczy prace.
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The purpose and scope of the thesis

The aim of the doctoral dissertation is to use a mathematical analysis
to describe the electrochemical capacitor electrode production process
and to better understand the phenomena in the electrolyte bulk
and at the electrode/electrolyte interface. The analysis should involve the heart
of the system, the electrodes and the electrolyte. Finally, the conducted research
should contribute to increasing the efficiency of the devices for future
applications. The first topic (Article A1) concerning the electrode component
should describe the rheological properties of the electrode slurry. Moreover,
these properties can be linked with the final performance of the electrode.
In addition, the research should provide the optimal slurry composition (the ratio
between the components) ensuring even coverage of the current collector.
On the basis of collected experimental data, appropriate calculations are to lead
to a mathematical formula linking the electrode geometry with viscosity
and electrode slurry composition. The electrolyte section aims to define
the performance of the electrochemical capacitor based on the new concept
of a highly concentrated and saturated aqueous electrolyte (Article A2). Impact
of water concentration reduction in an electrolyte on the potential window,
self-discharge, capacitance, cycle life, etc. device should be considered.
Moreover, the advantages and disadvantages resulting from their implementation
in electrochemical capacitors must be taken into account. Issues related
to the physicochemical properties, such as viscosity, of the conductive medium
are open to discussion (Article A3). The currently available literature
does not explicitly define the effect of an increase in electrolyte viscosity. So far,
no universal method for determining the charge accumulation mechanism
at the porous  electrode/electrolyte  interface  has been  proposed.
And it is possible by combining two complementary electrochemical techniques,
step potential electrochemical spectroscopy and electrochemical dilatometry
(Article A4). The proposed solution should give the possibility to describe
the influence of pH onions fluxes in the bulk electrode (Article A5). Experimental

data processing collected by the step potential electrochemical spectroscopy
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technique takes a long time. Therefore, it is necessary to develop a computer
program to solve this problem (Chapter 12). The program should reduce the time
spent on calculations from hours to minutes and provide honest results

about resistance, capacitance, ions diffusion, and side reactions.
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Abbreviations, patterns, symbols

Abbreviation Description

AC — activated carbon

AES — alternative energy sources

AN — acetonitrile

ARTIL — aprotic room temperature ionic liquid
CB — carbon black

CCVvD — catalyst chemical vapour deposition
CDC — carbide-derived carbon

CE — counter electrode

CF — carbon nanofoam

CNF — carbon nanofiber

CNH — carbon nanohorn

CNO — carbon nanoonion

CNT — carbon nanotube

CcoO — carbon onion

CcVv — cyclic voltammetry

CVvD — chemical vapour deposition

DEC — diethyl carbonate

DMC — dimethyl carbonate

DWNT — double wall carbon nanotube

EB — ethyl butyrate

EC — electrochemical capacitor

EC — ethylene carbonate

EDL — electrical double-layer

EDLC — electrical double-layer capacitor
EES — electrical energy storage system
EIS — electrochemical impedance spectroscopy
EMC — ethylmethyl carbonate

ESR — equivalent series resistance

GCD — galvanostatic charge-discharge

19



Mathematical analysis of processes and phenomena
in electrochemical energy storage and conversion systems

8,

GCPL
GITT
GO
GPE

KERS
LSV

MB
MWCNT
NMP
OLC

PC
PTFE
PVDF
RC

RE

SPE
SWCNH
SWCNT
TDC
WE

Pattern
Ag

Ar

CO2
CsF

Cu

Fe
H2S04
H3POa4

KCI

20

— galvanostatic cycling with potential limitation
— galvanostatic intermittent titration technique
— graphene oxide

— gel polymer electrolyte

— ionic liquid

— kinetic energy recovery system

— linear sweep voltammetry

— methyl butyrate

— multiwall carbon nanotube

— N-Methyl-2-pyrrolidone

— onion like carbon

— propylene carbonate

— poly(tetrafluoroethylene)

— poly(vinylidene fluoride)

— redox capacitor

— reference electrode

— solid polymer electrolyte

— single wall carbon nanohorn

— single wall carbon nanotube

— template derived carbon

— working electrode

Description

— silver

—argon

— carbon dioxide
— caesium fluoride
— copper

—iron

— sulfuric acid

— phosphoric acid
— potassium

— potassium chloride
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KOH — potassium hydroxide

Li2SOa4 — lithium sulfate

Mn — manganese

MnO2 — manganese oxide

Mo2C — molybdenum carbide

N2 — nitrogen

Na — sodium

Na2S0a4 — sodium sulfate

NacCl — sodium chloride

Ru — rubidium

RuOz2 — ruthenium oxide

SiC — silicon carbide

TiC — titanium carbide

\% — vanadium

VC — vanadium carbide

Zn —zinc

ZnCl2 — zinc chloride

Symbol Description Unit

A — electrode surface area m?

B — constant proportional to the capacitance of the diffusion limited

processes A s0°

C — negative electrode capacitance F

C — concentration of the species at the electrode surface  mol m?3

Cd — differential EDL capacitance F

Cc* — capacitance of positive electrode F

Covr — diffusion layer capacitance F

Ce — electrode capacitance (Ce=C*+C") F

Cs — rigid Stern capacitance F

D — diffusion coefficient of the species m? s

d — EDL thickness m
— EDL capacitance F
— energy Wh
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— potential Vv

F — Faraday’s constant (96496.7) C mol?
I — current A
Ic — current related with EDL formation or capacitive charging
processes A

le — current (calculated from SPECS technique) corresponding

to EDL formation on easily accessible electrode surface

for electrolyte (geometric component) A

lp — current (calculated from SPECS technique) corresponding
to EDL formation in electrode bulk (porous component) A

Ip — current (calculated from SPECS technique) corresponding
diffusion-limited processes (diffusion component) A

ImzZ — imaginary part of complex impedance Q
Ir — current (calculated from SPECS technique) corresponding
to side reactions (residual component) A

It — current registered at given potential step in SPECS technique
A

n — the number of electrons involved in an electrode reaction -
P — power W
Q — electric charge C
R — series resistance Q
Ra — the bulk electrolyte resistance Q
Ras — charge transfer resistance Q
Rs — internal resistance (Re=Ra+Rag) Q
Rec — equivalent distribution resistance Q
Rc — internal resistance Q
ReZz — real part of complex impedance Q
t —time in SPECS technique S
U — voltage \
AE — potential step in SPECS technique Vv
£ — relative electrolyte permittivity Fmt
€0 — vacuum permittivity Fmt
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Literature review

1. Motivation and context of the research

Reliable and sustainable energy extraction is essential for the present
and future society. The demand for energy has steadily increased, especially
in the last few decades. The reason for such a situation is human population
growth and more and more wide spreading application of electronics [1].
According to Fig. 1, the technologies for energy generation can be divided into

several groups, i.e., electrical, chemical, thermal, and mechanical ones.
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Fig. 1. Energy sources and methods of its conversion [2].

There are specific relations between different groups related to different
ways of energy conversion. Since the beginning of the industrial revolution,
the dominant form of energy is chemical energy derived from fossils — coal, crude
oil and natural gas. However, because of the intensive exploitation of these
sources, their reserves are currently limited. Furthermore, the extraction
of energy from fossil fuels is neither sustainable nor ecological. Global climate
warming is also a serious problem, which is mainly caused by greenhouse gases
emitted during the combustion of chemical energy sources [3]. This forces
the search for alternative (renewable) energy sources (AESs). AES should

not only be obtained in an environmentally friendly manner but also provide
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the possibility of providing energy when unexpectedly required. However, despite
the fact that AESs have been used in many areas and significantly reduce
the consumption of fossil fuels, they cannot be completely replaced in the near
future. They do not always provide the right amount of energy and currently only
support conventional sources [4].

AESs use energy from solar, wind, geothermal, or hydrothermal energy,
which is converted most often into electricity. This kind of energy is the simplest
form of transferred energy. By definition, it is the energy of the ordered movement
of electric charges. Integrating AESs into the electrical grid presents many
challenges in terms of grid stability and supply security. Therefore, it is important
to be supported by electricity storage systems (EESs), which perfectly fit
the power/energy imbalance between its generation and demand. EESs allow
energy to be stored during the surplus of its production and the possibility

of giving it back during increased demand [5-7].
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2. Electrochemical energy storage and conversion

systems

Energy conversion/storage devices are becoming a broad group
of electrochemical technologies that can convert, store, and deliver energy
on demand. Currently, there are several ways to distinguish between the different
types of devices. Fuel cells, batteries, and capacitors are common categories
of energy storage and conversion systems [8-11]. The Ragone plot presented
in Fig. 2 shows the correlation of the gravimetric or volumetric energy density

versus the power density for different energy storage systems.
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Fig. 2. Ragone plot for electrochemical energy storage systems [12, 13].

However, not only energy and power play a role in dictating the devices
applicability. Other features such as cyclability, cost effectiveness, safety
and environmental considerations should be taken into account [12, 14, 15]. Fuel
cells are characterized by relatively high energy efficiency (1000 Wh kg?)
with moderate or even low power characteristics (100 W kg™) [13]. Their main
advantage over the fuel engine is the production of clean energy. Water (vapour)
is the main product of a chemical reaction [16]. In such systems, a constant
supply of fuel in the form of hydrogen, methanol, or other chemical substance
should be provided [17]. However, the fuel network is currently unable to support

such electrochemical systems globally. Fuel storage technology is also a problem
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because hydrogen is considered a hazardous gas [18]. Capacitors are located
inthe high-power area (up to 20 kW kg for electrochemical capacitors
and to 10 MW kg™ for dielectric capacitors) and low-energy (up to 15 Wh kg*
for electrochemical capacitors) [12]. The detailed characteristics of these devices
are discussed in Chapter 3. In turn, batteries are placed between fuel cells
and capacitors. Their energy reaches 300 Wh kg, and the power is 2 kW kg*
[19]. This type of energy storage system is the most commonly used and, in many
cases, irreplaceable. The principle of their operation is based on the use of scarce
materials, such as lithium. Currently, there is a search for innovative
and advanced materials to replace Li* with more available materials, for example,
Na* [20] or K* [21].

The appropriate energy storage system should be selected depending
on the customer's needs, i.e., for a specific application (Tab. 1), taking
into account the advantages and disadvantages of individual technologies
(Tab. 2). Even if the characteristics of energy storage devices are now well known
and the number of articles on the subject is increasing, there is still a space

for improvement.
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Tab. 1. Application of electrochemical energy storage systems (fuel cells, batteries, capacitors)

[8-10].

Fuel cells

portable systems (< 0.5 kWe):

laptops, cell phones, cameras

— stationary applications (1 - 10 kWe):

laundries, backup power generation,

traffic lights

transport (50 — 100 kWe and higher):

scooters, bicycles, cars, buses, trains,

planes, rockets, unmanned aerial

vehicles, boats, submarines

— municipal applications (10 - 200 kWe
and higher): schools, hospitals, police
stations, industrial buildings, data
centers, air terminals, waste
management, small power plants,
military facilities

— stationary systems (> 1 MW): power

plants, industrial plants

Batteries

portable systems (100 mWh — 2 Wh):
walches, calculators, implanted
medical devices, (2 Wh — 100 Wh):
toys, power tools, mobile phones,
flashlights, power tools, portable radio
and TV, camcorders, lap-top
computers, memory refresh,
instruments, cordless devices, wireless
peripherals

start lighting and ignition (100-600
Wh): cars, trucks, buses, lawn mowers,
wheel chairs, robots, emergency
beacons

vehicle traction systems (20 -630
kWh): EVs, HEVs, PHEVS, forklift
trucks, milk floats, locomotives
stationary applications (250 Wh-5
MWh): emergency power, local energy
storage,remote relay stations,
communication base

stations, uninterruptible power supplies
(UPS)

military and aerospace (wide range):
satellites, munitions, robots, emergency
power, communications

special purpose (3 MWh):
submarines, aircraft systems

load levelling applications (5-100
MWh): spinning reserve, peak shaving,
load levelling

standby power resources
emergency no-fail systems

Capacitors

— renewable sources: wind farms (pitch
control and feathering of blades)
— robotics
— automotive and transportation:
electric vahicles, kinetic energy
recovery systems (KERSs), cold start
aids, start-stop systems, power
steerings, electric heating, power
supplies when parked, catalytic
converters preheating, emergency door
opening in airplanes and frains,
forklifts, seaport cranes and elevators
(energy recovery, particularly in gantry
cranes for improved emissions and fuel
economy)
guaranteed power supply systems
(UPS), grid power buffers
— consumer electronics: laptop
computers, PDAs, GPS, portable
media players, hand-held devices,
photovoltaic systems, photographic
flashes in digital cameras, LED
flashlights, speakers, computer
memories, electric toothbrushes,
memory backups, AC filterings, tuming
on the batteries, electric screwdrivers
— medical, military and space industry

Tab. 2. Advantages and disadvantages of electrochemical energy storage systems (fuel cells,

batteries, capacitors) [8-10].
Advantages

Disadvantages

1) relative simplicity and modular construction 1)
2) high specific energy (1000 Wh kg") 2)
3) high efficiency (~80%) B
4) low noise level 4)
5) possibility of very high temporary overloads 5)
6) nonpolluting 6)
7) very good regulatability 7)
8) possibility of continuous work 8)
9) size reduction 9)
10) fast and easy refueling process

11) low maintenance
12) efficient energy conversion

expensive
moderate specific power (100 W kg-")

lack of supplying infrastructure

a lot of fuel cells are in the prototype stag

high costs of hydrogen

limited access to hydrogen |
problems with hydrogen storage

complex to operate

impurities in gas stream and pulse demands
shorten life

10) low durability
11) limited availability

Batteries
1) low self-discharge 1) short cyclic life
2) high specific energy (300 Wh kg') 2) high toxicity =
3) wide range of types and sizes 3) long charging time
4) operate over a wide temperature range 4) low specific power (2 kW kg")
5) operate in any orientation 5) high production cost
6) do not require pumps, filters, etc. 6) poor charge retention
7) can deliver high current pulses 7) explosion possiblility
Capacitors
1) short charge/discharge time (~1 s) 1) low specific energy (15 Wh kg')
2) long cycle life (>500 000) 2) variable voltage at the terminals
3) high specific power (20 kW kg') 3) low permissible operating voltage
4) high efficiency (75 — 95%) 4) high self-discharge
5) low components degradation
6) low toxicity
7) wide operating temperature range
8) low cost per unit of capacity
9) no maintenance requirements
10) low operating costs
11) possibility of complete discharge
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3. Electrochemical capacitors — state of art

The purpose of this chapter is to present basic information
on electrochemical capacitors, their classification, construction, principles

of operation, and nominal values.

3.1. Definition

A traditional capacitor device (using dielectric technology) has a very low
energy density, which limits its use [22]. In 1957, a new group of capacitors, called
electrochemical capacitors (ECs), was proposed. Unlike dielectric capacitors,
they use electrodes with a highly developed surface to increase energy
while maintaining their power characteristics [23]. ECs are known
for their advantages presented in Tab. 2. An electric double-layer,

pseudocapacitance, redox, and hybrid capacitors belong to ECs.

3.2. Construction

The EC consists of two porous electrodes (Chapter 3.5) coated
on the current collectors, separated by an insulator and immersed
in the electrolyte (Chapter 3.6). One of the electrodes is called positive (+),
polarized positively. The latter electrode is called negative (-) and is negatively
polarized. An insulator (porous membrane) prevents both electrodes from short
circuit (Fig. 3a) [24].

3.3. Principle of operation

An electric double-layer capacitor (EDLC) is a basic type of EC (Fig. 3a).
The electrolyte is ions carrier; these an ion are capable of adsorbing/desorbing
at the electrode/electrolyte interface. lons are in the electrolyte volume, which fills
the space between the electrodes and penetrates the electrode porosity.
Positively charged ions (cations) are adsorbed on the (-) electrode surface, while
negatively charged ions (anions) are adsorbed on the (+) electrode surface.
Physical adsorption (electrostatic attraction) occurs at the electrode/electrolyte

interface, which ensures a rapid reorganization of the ions in the electrode
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and the electrolyte volume. At the electrode/electrolyte interface, the so-called
electrical double-layer (EDL) is formed (Fig. 3b) [24]. EDL is formed from charges
on the electrode and ions of the opposite sign immediately adjacent
to the electrode surface. The prototype of the EDL model was proposed
by Helmholtz in 1857 [25]. The ordering (adsorption) of a single ionic layer
on the polarized electrode surface was taken into account by him. In 1910
Gouy-Chapman proposed the blurring effect of a layer due to thermal ion
movement. In this case, the counterions are adsorbed, and the co-ions
are repelled from the surface. This phenomenon includes the potential (E; V)
gradient as it moves away from the electrode surface and the presence of solvent
molecules as a result of an ion concentration gradient following the Boltzmann
distribution. This leads to the treatment of the capacitance as a non-constant
parameter because it depends on both the applied potential and the ion
concentration. Under this assumption, the potential decreases exponentially
towards the electrolyte volume according to the Maxwell-Boltzmann statistical
model. In 1927 Stern combined these previously mentioned models [26]. He took
into account the limitations of ions, which led to the so-called Stern layer.
In this layer, the decrease in potential follows a linear trend
and not an exponential trend, as in the diffusion layer. As a result, the theory
claims that there are two capacitors connected in series: a rigid Stern layer
capacitor with capacitance (Cs; F) and a diffusion layer capacitor
with capacitance (Covr; F). The total capacitance of the EDL (Cep; F) EDL
capacitance is given by the equation: Cep'=Cs™+Cpyrl. It follows
that the ordering of charges at the point of contact of two electrically conductive
phases leads to the generation of a capacitor. Taking into account the presence
of solvent dipoles, Graham's (1947) model is the most developed (Fig. 3b inset)
[27]. Grahame proposed two concepts: the inner Helmholtz plane (IHP),
which covers the extent of the Stern layer, and the outer Helmholtz plane (OHP),
which is close to the boundary potential of the diffusion layer. Grahame then
pointed out that IHP might consist of uncharged individuals (such as solvent
molecules) or coions due to some specific ion-electrode surface interactions.

During the discharge, the ions desorb and pass into the electrolyte volume.
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The electrical current flows through the external wiring and enables the electrical
device to be powered. For these types of system, there is a linear relationship
of the stored charge (capacitance) with a variable potentials.

A pseudocapacitance capacitor (PC) has the signature of a capacitive
electrode (as in the case of EDLC). However, a charge storage mechanism,
in addition to EDL formation, is also based on various oxidation-reduction (redox,
faradaic) reactions of the electroactive electrode material (Fig. 3b).
The pseudocapacitance term is used when a device has a constant slope
of charge/discharge curve by using a constant current — so it functions
as a non-Faradaic process. The pseudocapacitance mechanisms include
the pseudo-redox capacitance found in metal oxides (e.g. RuO2 or MnO2)
and the pseudocapacitance intercalation (e.g. Li* is introduced into the parent
material) [28].

A redox capacitor (RC), apart from the EDL capacitance, is characterized
by an additional capacitance resulting from the redox reaction of the compounds
included in the electrolyte (Fig. 3b). In this case, the registered capacitance
is not constant in the investigated potential range. RC has additional capacitance
(visible as capacitance peaks) resulting from the transformation of the oxidation-
reduction of the electrolyte compound/compounds [29].

Electrochemical capacitor hybrids (HEC) combined previously mentioned
solutions into one system. This involves, for example, the incorporation
of heteroatoms and/or metal oxides (pseudocapacitance materials)
into the activated carbon structure (EDL materials). In HECs, the electrodes
do not work symmetrically, and one of them has a battery mechanism
(pseudocapacitance). The latter electrode corresponds to the capacitance

characteristic of EDL formation [30].
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Fig. 3. Electrochemical capacitor: (a) construction, (b) types, and (c) principle of operation.

3.4. Nominal parameters

An electric charge (Q; C) is a fundamental property of matter that manifests
itself in the electromagnetic interaction of bodies endowed with this charge.
They have the ability to generate and interact with an electromagnetic field.
The interaction of the charge with the electromagnetic field is determined
by the Lorentz force and is one of the fundamental forces. The electric charge
can be positive or negative. Two charges of one sign repel each other, whereas
charges of the opposite sign attract each other. Electric charges are quantized.
The electron has an elementary negative charge, while the proton has a positive
charge. The orderly movement of electric charges is called an electric current
[24].

By definition, a system capacitance (Cr; F) is the ability of the body to store

an electric charge. The EDL capacitance given by Eq. 1 represents the electric

charge at the electrode/electrolyte interface and is constant over a given voltage
(U; V) [24].

_AQ
Cr=22 (1)
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The Cep. depends on the surface density of the electrostatically
(i.e., non-faradaic) accumulated charges on the phase surfaces of both
electrodes. According to Eqg. 2, the more developed the specific surface area
(Seer) of the electrode (A; m?), the more charge can accumulate (higher
capacitance). Furthermore, the enhancement of capacitance can be achieved by
selecting an electrolyte that will be characterized by high relative permittivity
(g; F m™) or by reducing the thickness of the EDL layer (d; m) (&; F m*—vacuum

permittivity) [24].

CeoL=— (2)

Since the capacitor consists of two electrodes (C*; F — positive electrode
capacitance, C'; F — negative electrode capacitance) connected in series, its Ct

can be calculated from Eq. 3 [24].
STEtE 3)

When considering the symmetrical system (composed of the same
materials on the positive and negative sides), it can be assumed that C*=C-. Thus,
Cr is half of electrode capacitance (Ce; F) (Eq. 4) [31].

Cr=2 )

The EC energy (E; Wh) is proportional to Ct and voltage (Eq. 5) [24].

CrU?

E=<T ©)

As previously mentioned (Eq. 2), the impact on capacitance has one
of the three parameters. Moreover, this can be realized by implementing active
redox species into the electrode (pseudocapacitance) or electrolyte (redox
capacitance). The type of electrolyte decides mainly on the maximum voltage.
The electrolyte properties determine the voltage at which it decomposes

and are not suitable for further use [24].
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The power of device (P; W) depends on the voltage and system series
resistance (R; Q) (Eg. 6). Resistance can be reduced by providing high electrolyte
conductivity [24].

=R (6)

3.5. Electrode materials

According to the type of charge accumulation mechanism, the active
materials in ECs are divided into two main groups: porous carbons
and pseudocapacitance materials. Additionally, there is a group of composites

that combine the properties of both mentioned groups (Fig. 4).

Fig. 4. Electrode materials for electrochemical capacitors.

The electrolyte with the electrode material plays a crucial role
in the maximum voltage achieved by EC. Moreover, according to Eq. 2, materials
with a high specific surface area are needed to obtain high capacitance values.
The energy that can be stored in the three-dimensional (3D) structure
of the electrode material is higher than the energy stored in the two-dimensional
(2D) structure. The specific surface area (Sser) of porous materials
can be determined by adsorption of various gases (the most commonly N2
at 77 K and COz2 at 273 K). In addition (not taken into account by the equation),
the electrode material should have pores of an appropriate size, capable

of adsorbing electrolyte ions of the given dimensions. Basically, it is mainly
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the micropores (2 nm) that contribute to the phenomenon of charge storage
in the ECs. A share of micropores is dominant in electrode materials, ensuring
their high surface area. However, the tortuous nature of the micropores
does not provide sufficient ionic diffusion. Mesopores (2 — 50 nm) provide tunnels
that facilitate the transport of ions to the interior of the bulk material, especially
when relatively large cations are used (e.g., ionic liquids). Their presence
improves the availability of micropores. Macropores (>50 nm) presence serves
as an ion buffer reservoir; they provide a short diffusion distance for the ions.
Existing excessive mesopores and macropores usually sacrifice the high specific
surface area. Therefore, it is vital to balance a micro-/meso-/macropores ratio
to a given ions dimension in electrolytes.

As a result of their unique chemical and physical properties, carbon
materials are the most widely used electrode material in energy storage
technologies (Fig. 5). It comes in several allotropic forms, such as fullerenes,

graphite, and nanotubes, with dimensions ranging from 0 to 3D [24].
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Fig. 5. The advantages of carbon materials [32-34].
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Activated carbons

The uniqueness of activated carbon (AC) as an electrode material is due
to the possibility of obtaining high capacitance 100 — 200 F g, with an energy
density 1 — 2 Wh kg*?, power densities to 10* W kg? and with minimal
performance fade for over 10° cycles [14, 35-38]. AC is a form of carbon
with a network of micropores produced from synthetic or natural precursors
by a carbonization process (heat treatment in an inert gas atmosphere) [39].
Carbon is then activated through physical activation (named thermal,
by CO2/steam) [40] or chemical activation [41]. As a result of the activation,
a material with small pores, small volume, high degree of microporosity,
and a surface area exceeding 1000 m? g? is obtained. In physical activation,
carbon is activated at 400 — 1000°C with a constant flow of CO2. In chemical
activation, carbon is treated at lower temperatures in the range 400 — 700°C
in the presence of a activating/dehydrating agent (HsPO4 [42], H2SO4 [43], ZnCl2
[44], KOH [45]). The surface area, pore size, and distribution can be controlled
by varying various parameters, such as temperature, firing time, and type
of activating agent, during carbon treatment. There are natural and synthetic
activated carbons [46]. The commercially available carbons are rather physically
activated. Chemical activation is simply too costly for industrial applications.

Natural precursors include cotton [47], rice [48], peanut husk [49], coconut
[50], bamboo [51], wood [52] and seaweed [53], plant stems [54], fruit seeds [55]
and many more. This group includes active carbon fibers obtained mainly
by electrospinning of natural materials, such as pitch or by the use of polymer
solutions. The process of activated carbon producing fibers from electro-spun
precursors begins with oxidative stabilization in an oxygen-containing
environment in the temperature range of 180 — 300°C. The next step
is carbonization in an inert atmosphere, followed by graphitization with further
heating of the fiber to 3000°C. The final step is activation in an oxidizing
environment in the temperature range of 700 — 1200°C [56].

Polymer-based carbons are a type of synthetic carbon materials produced
by the carbonization of polymer gels (high temperature heat treatment

up to 800°C in an inert environment such as Ar or N2). One of the main
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advantages of these carbons is the better control of their porous structure during
the synthesis of polymeric gel precursors prior to the carbonization process.
Due to the cross-linked structure of the initial gel, which can be controlled during
the polycondensation step of the gelling process, these carbons have a 3D
structure with very high conductivity. Further control of the porosity of these
carbons can be achieved by producing activated carbons in the activation

process [57, 58].

Carbide-derived carbons

Carbon derivatives (carbide-derived carbons, CDC) are a group of carbons
obtained by removing metal atoms or metalloids from ceramic precursors
such as SiC [59], TiC [60], Mo2C [60] and VC [61], by using physical processes
(thermal decomposition, thermochemical process or as a result of chemical
transformations, e.g., halogenation). The disadvantages of these materials

are high production costs and environmental problems.

Template derived carbons

Template derived carbons (TDCs) are a group of carbons synthesized
by using an inorganic matrix (ordered silica [62] or zeolite [63]) and a carbon
precursor (sucrose solution [64], polyfurfuryl alcohol [65], propylene [66]
or pitch [67]). The preparation of TDC involves three steps including the synthesis
of the template itself, the infiltration of the carbon precursor and the removal

of the backbone template.

Graphene

Graphene is a 2D carbon structure composed of monolayers of carbon
atoms arranged in a honeycomb structure with six-membered rings. Graphene
materials come in the following forms: graphene sheets, activated graphenes,
fullerenes, and graphite [68]. Preparation methods include mechanical exfoliation
of bulk graphite [69], silicon sublimation from silicon carbide (SiC) [71], synthesis
of multilayer graphene arc discharge [70] and epitaxial growth by chemical vapor
deposition (CVD) of hydrocarbons on metal substrates [71]. Graphite oxidation
to graphite oxide, thermal or mechanochemical exfoliation of graphite oxide

to graphene oxide (GO), and then reduction of GO sheets to graphene
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are the most commonly used methods, thanks to which graphene is obtained
with higher efficiency. Graphene and its derivatives cannot be used for high
current applications because their capacitance dramatically decreases

with increasing current density [72].

Shaped carbon nanostructures

These materials have a specially designed structure, obtained mainly
through complex synthetic pathways. Carbon nanotubes, carbon nanofibers,
carbon nanorods, carbon nanocubs and carbon nanofoams belong

to this category of carbons [56].

Carbon nanotubes

Carbon nanotubes (CNTs) are coiled graphite sheets that form a tubular
shape (parallel to the cylindrical axis). Both ends are usually closed
with a fullerene-like structure (diameters ranging from 1 to 30 nm) [73]. CNTs
can be synthesized by arc discharge [74], laser ablation [75] and chemical
catalyst vapor deposition (CCVD) methods [76]. CCVD is the most widely used
technique for large-scale production. The addition of graphite sheets around
the core of single-walled carbon nanotubes (SWCNTSs) [77] produces double-
walled carbon nanotubes (DWCNTS) [78] or multi-walled carbon nanotubes
(MWCNTS) [79]. SWCNTs show a much larger surface area at more expensive
production costs compared to DWCNTs and MWCNTs. ECs fabricated only
with CNTs have a rather small capacitance compared to ACs as electrode
materials [80]. CNTs are effective spacers between the graphene sheets
(and its derivatives). They suppress an irreversible agglomeration caused
by the strong van der Waals interactions. The access of ions to the graphene
layers is facilitated, which leads to a capacitance improvement. Therefore, CNTs
are often used as an electrode material in the form of AC composites
or pseudocapacitance materials such as conductive polymers [81]. The cost
of energy storage is approximately 2 — 300 $ Wh1with AC as electrode material,
while the cost increases significantly to 5200 — 8300 $ Wh* with SWCNT [82].
CNTs have reduced their resistance. The main disadvantages of these materials

are high production costs and complex synthesis pathways.
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Carbon nanofibers

Carbon nanofibers (CNFs) have cylindrical nanostructures produced
by using synthetic methods similar to those used to make CNTs. The carbon
precursor is heated in the presence of a catalyst. The change in experimental
conditions, such as the type of precursor or catalyst, determines whether CNT
or CNF must be produced [83]. Electrospinning is one of the most commonly
used CNF synthesis methods with a controlled fiber diameter. CNFs consist
of carbon nanochips with diameters in the 50 — 200 nm range stacked on top
of them to form the fiber shape [84].

Carbon nanohorns

Carbon nanohorns (CNHs) were first produced by CO: laser ablation
without a catalyst [85]. The structure of CNHs is closely related to CNTs,
consisting of a single tubular structure with a conical end, 2 — 5 nm in diameter,
assembled into a dahlia flower-shaped aggregate with an average diameter
of 80 nm [86]. Asymmetric CNHs are proposed as active materials for high
performance soft electronics and energy storage applications (in flexible solid-
state ECs) [87]. As-grown single-wall CNHs (SWCNHSs) do not have high surface
area and pore volume due to their closed structure. Therefore, various attempts
have been made to develop the porosity of SWNHSs [88, 89]. Oxidation of SWNHs
in Oz gas could create ‘nanowindows’ in closed SWCNHSs, and thus the porosity
of SWCNHs is dramatically developed [89]. After opening, the internal spaces
are accessible to various guest molecules through the nanowindows [90].
SWCNHs with asymmetric hollow structure exhibit high capacitance, excellent
mechanical strength with a little irreversible agglomeration [91]. However, the use
of SWCNHs in ECs is not widely used, mainly due to the specialized nature
of their synthesis [92, 93].
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Carbon nano-onions

Carbon nano-onions (CNOs) also called carbon onions (Cos) or onion like
carbons (OLCs) consist of concentric layers of spherical closed carbon shells
that form an onion-like structure. The most common method of CNO producing
is annealing temperature 1400 — 2000°C in a vacuum or in inert gases [94].
CNO can be synthesized in greater amounts under atmospheric pressure
with reduced complexity and cost by the arc discharge method. However,
this process produces other nanostructured carbons such as CNTSs,
polyaromatic, and amorphous carbons as impurities [95]. Other techniques
including laser excitation [96], ion implantation [97] and CVD [98] are also used
to produce CNO. The Seer of CNO ranges from 400 to 600 m? g¥,
where the nonporous outer coating contributes to a very high energy efficiency.
As aresult of their inaccessible inner surface, these materials exhibit a low energy
density. CNOs are still among the least studied nanocarbon structures due
to the difficulties and costs associated with producing them on a commercial
scale [99].

Carbon composites

The aim of composites is to improve an overall electrode behaviour through
synergistic interaction between the components [56, 100, 101]. The carbon
materials (AC, CNT and graphene) capacitance can be improved by introducing
pseudocapacitance mechanism by doping them with pseudocapacitance
materials (oxides of transition metals such as Mn [102], Ru [103], V [104], Fe
[105], Ag [106], Cu [107] and Zn [108] at various oxidation states) or heteroatoms
(oxygen [109], nitrogen [110] or boron [111]). In addition to the capacitance,
they also improve the wettability of the electrode. Nitrogen functional groups
with five valence electrons exhibit electron donor characteristics and alkaline pH
[112]. Nitrogen can be introduced to the surface and/or into the structure of the
carbon by chemical material treatment with reagents such as urea [113], nitric
acid [114], pyrrole [115], potassium hydroxide [116] and ammonia [117] or by
carbonization of various precursors containing nitrogen such as urea polimer

[118], polyaniline [119], melamine [120], organic gel based on melamine [121]
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and biomass containing nitrogen [122-124]. The source of pseudocapacitance is
pyridinic [125] and pyrrolic nitrogen [126], while quaternary [127] and pyridine-N-
oxides [128] improve the operation of the EC at high current density. The nitrogen
content should not exceed 8% by mass [129]. Carbon-nitrogen composites can
be used with aqueous and organic electrolytes [130].

Both acidic (electron acceptor inducing properties) and alkaline oxygen
functional groups can be present in carbon. Acid groups (mainly present)
can be introduced by elevated temperatures of carbon activation (in air
and HNO3) and electrochemical oxidation [131]. Alkaline groups are present
in the carbon network when carbon is treated at high temperatures under inert
conditions, followed by cooling and exposure to an oxygen atmosphere.
Due to the irreversible reaction of functional groups containing oxygen with
organic electrolytes, the use of functional oxygen carbons is limited only to ECs
based on aqueous electrolytes [130]. Oxygen surface functionality
(e.g., quinone/hydroquinone) can increase carbon wettability and EC
capacitance (especially in acidic environment), but usually at the expense
of power density and cycle life [132]. Furthermore, higher rates of self-discharge
are recorded for oxygen-rich carbons due to the redox shuttle effect [133].
Composites allow for an energy density similar to that of a battery, extending

the EC cycle life, increasing its efficiency, power density, and capacitance.

3.6. Electrolytes

The interaction of ions-electrodes in all electrochemical processes
has a significant impact on the state of the electrode-electrolyte interface
and the internal structure of active materials. The most general division
of electrolytes concerns their physical state. They can be in the liquid or solid
state. The use of electrolytes in the liquid phase appears to be very important,
as they ensure high mobility and/or ions activity. The group of liquid-phase
electrolytes includes aqueous and non-aqueous (organic or ionic liquids)
solutions. A detailed breakdown of the advantages and disadvantages of each

group is presented in Tab. 3.
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Tab. 3. Advantages and disadvantages of the electrolytes used in EC [56].

Advantages Disadvantages
Electrolytes —

Aqueous

1) low price 1) low energy

2) environment friendly 2) low electrochemical stability (~1.6 V)
3) high ionic conductivity 3) corrosive environment
(850 mS cm* for 5 mol L' KOH in 50°C) 4) electrolyte leakage possibility

4) no need to use an inert atmosphere
during production
5) asimple way to clean and dry electrode
materials during the manufacturing process
6) high compatibility
7) good availability
8) low viscosity

1) average electrochemical stability (-2.6 V) 1) low ionic conductivity
2) low freezing temperature 2) high volatility
3) high flammability
4) high viscosity
5) decomposition on AC durface increases ESR
and the ECs ageing (blockage of pores
with decomposition product)
6) dependent on temperature variations
7) inert atmosphere requirements
8) high price
9) low power
10) toxic and harmful to the environment

Room temperature ionic liquids

1) high electrochemical stability (>3 V) 1) high viscosity

2) high security 2) lower ionic conductivity than for organic <

3) high chemical and thermal stability electrolytes

4) hydrophobicity 3) inert atmosphere requirements

5) negligible vapor pressure (non-fl ammability 4) poor ECs power performance o

and low risk of explosion)

Solid-state

1) good ionic conductivity 1)  high viscosity

2) noleakage of electrolyte 2) the possibility of salt crystallization

3) simplicity of packaging at low temperature

4) mechanical durability 3) low conductivity -

5) high processability (only solid polimer slectrolytes SPE)

6) good electrochemical stability 4) low mechanical stability ‘
7) flexibility (only gel polimer electrolytes GPE) k

8) high security

9) barrier properties for O, i CO,
10) biodegradability

11) chemical and thermal stability

Aqueous electrolytes

Aqueous electrolytes are mainly divided into acidic, alkaline and natural
solutions; the most common are KOH [134], NaCl [135], KCI [136], H2SO4 [137]
and Na2SOa4 [138] solutions. This type of electrolyte is used in applications

that require higher power outputs. The main goal of research on this type
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of electrolytes is to increase the electrochemical window stability.
The decomposition of water occurs with the release of oxygen at the positive
electrode and hydrogen at the negatively polarized electrode [139].

A new concept of aqueous media is highly concentrated electrolytes called
‘water in salt’ electrolytes. The main purpose of the applicability of such
electrolytes in ECs is to improve the energy density in the device by increasing
the electrochemical stability. It is assumed that reducing the water in such
a medium, by increasing the concentration of dissolved salt, may lead
to anincrease in the solvation power of water molecules with ions.
Both the volume and weight of the dissolved salt should be greater
than of the water [140]. Reports in the literature show that it is possible to obtain
2.4 V (comparable to the voltage of organic electrolytes), while in conventional
water-based devices it is difficult to exceed 1.6 V (theoretically 1.23 V).
Capacitance is also improved in such systems. The energy density is up to three
times that of conventional water devices and is on the same order of magnitude
as that of redox-enhanced ECs. The performance of ECs using the ‘water in salt’
electrolyte is a trade-off between high concentration (to extend the potential
window and energy density) and good ionic conductivity (to maintain
an acceptable power density) [141]. In order to reduce the viscosity and increase
the conductivity of such an electrolyte, a cosolvent (e.g., acetonitrile) was added.
This additive also has a positive effect on extending the temperature range
in which the concentrated electrolyte retains its unique properties [142].

Redox-mediated electrolytes (cationic, anionic, and neutral) belong
to the aqueous group of electrolytes [143]. The main disadvantage of EC systems
based on redox-mediated aqueous electrolytes is poor cycle performance [144,
145]. This is mainly due to a strong redox reaction at the electrode/electrolyte
interface, which will affect the electroactive site to some extent [144]. The energy
density based on multiple redox additives is higher than that of a single redox
additive [146, 147]. In mixed electrolytes, their ratio is a key factor for ECs
performance. There are three types in this group: cationic, anionic, and neutral
aqueous redox electrolytes. Depending on the redox pair selection, one of the

electrodes has battery-like behaviour, and the other one is based on purely
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capacitance performance. However, the kinetics of such reactions is generally
limited, deteriorating the output power of the device. Moreover, the reversibility
of redox processes is often limited by changing the environment within
the electrochemical cell. Potential variation causes the separation of ions
in the electrolyte bulk, while the separation of ions causes a concentration
gradient and local pH changes. The inclusion of micro- and even ultramicropores
in the electrode material acts as small, multiple chemical reactors in which

pressure variations affect the equilibrium of species.

Organic electrolytes

Most commercial ECs are based on organic electrolytes due to their wide
electrochemical windows and long cycle life [148]. Organic electrolytes consist
of aprotic organic solvents, both pure and mixed. Acetonitrile (AN) [149], linear
carbonates including ethylene carbonate (EC), propylene carbonate (PC) [150],
dimethyl carbonate (DMC) [151], diethyl carbonate (DEC) [152], ethyl methyl
carbonate (EMC) [152], methyl butyrate (MB) [153] and ethyl butyrate (EB) [154]
are the most commonly used organic conductive mediums. For some electrolytes
(e.g., ethylene carbonate) whose melting point varies slightly above the ambient
temperature, DMC, DEC, EMC, MB or EB are added to decrease the viscosity

and melting point and to improve the temperature electrolyte stability [155-157].

Aprotic room temperature ionic liquids

Aprotic room temperature ionic liquids (ARTILS) are low-temperature molten
salts and are considered ‘environmentally friendly’ solvent-free electrolytes
consisting only of ions capable of forming efficient EDL. ILs are characterized
by weak interactions, due to the combination of a bulky, unsymmetrical organic
cation and a weakly coordinating inorganic/organic (charge-delocalized) anion
[158]. Chemical and physical properties depend strongly on the water content.
Relatively small amounts of water can dramatically affect the ionic conductivity,
viscosity, and electrochemical stability. ILs with water content lower
than 10-20 ppm are needed [159]. So far, mainly two families of IL have been
considered, based, respectively, on the imidazolium cation (lower

electrochemical stability window 3.0 — 3.2 V, higher ionic conductivity, lower
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viscosity) [158, 160-163] and the pyrrolidinium cation (higher electrochemical
stability window 3.5 — 3.7 V, higher energy density, lower power density and ionic
conductivity, higher viscosity) cation [164-170]. Because of the relatively high
viscosity of ILs and the high equivalent series resistance (ESR), power is often
poor at or below room temperature. To overcome this limitation, mixtures of two
different ILs have been proposed. An important advantage related to the use
of such mixtures is the possibility of decreasing the melting
point [160] and, consequently, extending the temperature range of EC [163, 166,
170-172]. Yet, such mixtures require essentially mesoporous carbons

which are obviously not optimal for high-volumetric ECs performance.

Solid and quasi-solid-state electrolytes

The solid-state electrolytes developed for ECs have been based
on polymers. They are especially appreciated in flexible electronic devices.
Polymer electrolytes are classified into three groups: solid polymers (SPEs), gel
polymers (GPEs), and polyelectrolytes. The use of SPEs is very limited because
of their low conductivity. GPEs are called hydrogel or quasi-solid electrolytes due
to the presence of a liquid phase (as a plasticizer). The liquid phase in GPEs
results in the highest ionic conductivity among solid electrolytes [173]. GPEs
consist of a polymer host (e.g. poly(acrylic acid) (PAA) [174], poly(vinyl alcohol)
(PVA) [175], poly(ethylene oxide) (PEO) [176], potassium polyacrylate (PAAK)
[177], poly(ether ketone) (PEEK) [178], poly-(methylmethacrylate) (PMMA) [179],
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) [180],
poly(acrylonitrile)-block-poly(ethylene glycol)-block-poly(acrylonitrile) (PAN-b-
PEG-b-PAN) [181] and conducting salt dissolved in a solvent (e.g., KOH, H2SOs4,
K2S0Oq4 etc. dissolved in water or in organic EC, DMF, PC and their mixtures PC-
EC and PC-EC-DMC [182]). However, gel polymer electrolytes may also suffer
from a narrow operating temperature due to the presence of water and relatively

poor mechanical strength [173].
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3.7. Composition and production

The selection of the appropriate electrode material must be coupled
with a selected electrolyte to improve the performance of the system in terms
of its energy and power density (gravimetric and/or volumetric), self-discharge,
electrochemical stability and cycle life [183, 184]. As a consequence, research
is carried out on various levels: electrode design, electrolyte composition,
separator selection, and device packaging. Typically, an EC electrode consists
of several components. The basis is the active material (one of those listed
in Section 3.5), which is responsible for storage of electric charges. The addition
of a polymer, most often poly(tetrafluoroethylene) PTFE or poly(vinylidene
fluoride) PVDF [185], acts as a binder connecting the individual electrode
components (active material and additives) in a uniform form on the current
collector surface. Additives such as carbon black (CB), CNT, and OLC
are responsible for increasing the conductivity. The share of individual

components in the electrode structure is shown in Fig. 6.

=5 = Additives
Binder (e.g. CB, CNT, OLC)
(e.g. PVDF, PTFE) - -
85-97% Active material
(e.g. AC)

Fig. 6. Composition of electrode in electrochemical capacitor.

It should be mentioned that in the EC production process, aluminum foll
is most often used as a current collector, which shows good chemical
and mechanical stability. It is inexpensive and suitable for a commonly used
organic medium. Stainless steel is the most promising material for current
collectors in an aqueous environment. Therefore, it is not recommended to use

noble metal foil or other unstable materials in an agueous solution because
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they are sensitive to corrosion.
The EC electrodes production includes:

1) Electrode slurry preparation — it is a homogeneous electrode material
suspension consisting of materials in the solid state (active material,
binder, additives) and solvent (most often N-methyl-2-pyrrolidone, NMP).
The components are mixed before being weighted in advance.

2) Covering the current collector with the electrode layer — the liquid form
of the electrode material allows the current collector to be evenly covered
in the form of a thin film. For this purpose, spray nozzles or a device
called a doctor blade are used.

3) Solvent evaporation — in a drying and solvent recovery zone the current
collector covered with a thin layer of electrode slurry is heated
to evaporate the solvent.

4) Electrodes shaping — electrodes are cut to the appropriate length, rolled
with the opposite electrode and the moistened separator by electrolyte.

In this form, electrodes are packaged into the EC package.

4. Electrochemical research techniques

Before discussing the individual electrochemical techniques used
in the dissertation, it is necessary to mention a possible electrode configuration
in which the experiments can be performed. An EC measurement can be carried
out in a 2- or 3-electrode system. The 3-electrode connection is common
in fundamental research where one electrode is tested in isolation — without
the complications coming from the electrochemistry of other electrodes.
The 3-electrode system consists of the working electrode WE (the test electrode),
the reference electrode RE (the electrode with a constant electrochemical
potential) and the counter electrode CE (usually the neutral electrode present
in the cell that closes the circuit). Testing packaged/commercial capacitors
requires a 2-electrode connection.

The following electrochemical techniques were used in the research
that made up this dissertation. cyclic voltammetry, galvanostatic cycling

with potential  limitation, galvanostatic intermittent titration technique,
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potentiostatic  electrochemical impedance spectroscopy, linear sweep
voltammetry, and step potential electrochemical spectroscopy. A more detailed

description of each of them can be found below.

Cyclic voltammetry

Cyclic voltammetry (CV) at the beginning of an ECs development provides
basic information about the voltage, capacitance, and cycle life. In addition,
it allows one to gain knowledge about redox processes. In the voltammogram,
the X-axis represents a parameter that is superimposed on the system,
here applied voltage in a 2-electrode or potential in a 3-electrode system.
The system response — current (l) is recorded on the Y axis. CV primarily
provides qualitative information about the system under study. On the basis of the
collected data, it is also possible to calculate the capacitance, but a galvanostatic
cycling with potential limitation technique is recommended for this.
Voltammograms, in particular for ECs storing charge primarily through EDL
formation, are expected to be ‘box-like’ and approach that of an ideal capacitor.
The reason for this behaviour is the delocalized charge at the electrode-
electrolyte interface. Deviations from the ideal ‘box-like’ shape may be caused
by various electrode processes. The rise in voltammetry response (peaks)
is generated by electrode site oxidation/reduction (presence of redox-active
moieties) at a specific potential (localized charge storage). The peaks breadth
and potentials where they occur may be dependent on characteristics such
as solvent reorganization or redox kinetics. The peak shift can be caused
when the redox processes at this electrode site are limited by mass transport
(not necessarily the case for an interfacial process). Another possibility
is electrode/electrolyte instability (decomposition particularly at the extreme
potentials) or the resistivity of processes. Higher resistivity leads to greater
curvature and deviation from ideality of voltammogram just after its sweep
reversal. Electrode (ohmic) resistivity is due to limited active material
and electrolyte conductivity, poor electronic conductor mixing in the electrode,

and resistive electrode-substrate interfaces [186].
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Galvanostatic charge-discharge

The efficiency is determined as a function of its electric charge
and the charge/discharge conditions for which the rate and the potential range
are given. While the CV provides basic information (stability window,
capacitance, etc.), the galvanostatic charge-discharge (GCD) is used
to determine the energy response. Therefore, among the available techniques,
CVs and GCDs are considered to provide qualitative and quantitative information,
respectively. The determination of the boundary ECs conditions, possible
perturbation phenomena, the stability of the electrode material, and the entire
system is based on galvanostatic cycling with potential limitation (GCPL). Users
expect that the devices will work for over several hundred thousand cycles.
Considering that cycle life studies are very time-consuming, the duration
is generally limited to only tens of thousands of cycles. Therefore, the appropriate
aging protocol is known as a floating test (periodically holding the maximum
voltage) and, in some cases, higher than the ambient temperature
of the experiments conducted [187-189]. More specifically, the floating protocol
consists of several GCD cycles that occur immediately and consecutively,
followed by a period of time maintaining the maximum operating voltage
of the device. The purpose of several consecutive GCD cycles is to assess the
capacitance and ESR, and to restore the system to its initial state after a period
of high voltage (what favors the packaging of ions in pores). For both GCPL and
floating results, the capacitance and ESR are plotted against time. The EC
is usually considered as losing its properties when the capacitance reaches 80%
of the initial value or the ESR is increased by 100%. Floating sequences
are repeated until at least one of the end-of-life criteria is reached. Typically,
a series of 60 sequences (total cumulative floating time of 120 hours) is sufficient
to distinguish between major failures that may occur during EC operation with AC
as electrode material in an aqueous electrolyte. In addition to the increase
inthe ECR and loss of capacitance, collector corrosion, carbon oxidation,
and electrolyte decomposition also indicate system degradation. In addition,
by using the basic GCD it is possible to determine the charge/discharge

efficiency, self-discharge time, leakage current, and the determination of energy
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and power values (Ragone diagram).

Galvanostatic intermittent titration technique

Galvanostatic  intermittent  titration  technique  (GITT) enables
the determination of equilibrium potentials of the electrodes. A low magnitude
constant current (titrated) is applied to the system to reach the potential plateau.
After the plateau is maintained, the current is terminated (open-circuit conditions)
and the electrode tends to reach its equilibrium potential. The process is repeated
until the desired electrode potential (or the total charge titrated) is reached.
The maximum theoretical capacitor voltage was estimated by the offset
of the resting potential during hydrogen sorption on the negative electrode

and carbon oxidation on the positive electrode [190].

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) consists of imposing a time
harmonic oscillating electric potential of small oscillation amplitude around a time-
independent DC potential’ at the electrode and measuring the resulting harmonic
current density. The Nyquist plot presents the imaginary negative part
of the impedance -ImZ (axis Y) compared with the real part ReZ (axis X). The EIS
provides both qualitative and quantitative information. The first point (Ra; Q,
for the highest frequency) in the Nyquist plot was attributed to the bulk electrolyte
resistance. Furthermore, a final value (Re=Ra+Rag; Q) ending semicircle region
can be interpreted as the internal resistance of the system, that is, the sum
of the bulk electrolyte resistance (Ra; Q) and the so-called charge transfer
resistance (Rag; Q, sum of the electrolyte resistances in the porous electrode
structure, the electrode resistance and the contact resistance). The nonvertical
BC segment (ended with Rpc equivalent distribution resistance) recorded
at intermediate frequencies is assigned to ion transport limitation in the electrolyte
in porous electrode structures, ion transport limitation in the bulk electrolyte,
or nonuniform pathway for ion transport from the bulk electrolyte to the porous
electrode surface caused by a nonuniform electrode pore size and electrode
roughness. The vertical line at low frequencies (above Rgc resistance) has been

attributed to the dominant EDL capacitance behaviour. The intersection between
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the vertical line and the ReZ axis is called the internal resistance (Rc; Q),
equivalent series resistance (ESR) or the total resistance of an electrode/device
[191].

Linear sweep voltammetry

Linear sweep voltammetry (LSV) is a technique similar to CV, but rather
than a linearly cycling over the potential range in both directions, it involves only
a single linear sweep from the lower to the upper potential limit (one-segment
CV). WE potential is swept linearly between an initial and final value; the current
ismeasured as a function of time (voltammogram). This shows
the electrochemical response (oxidation or reduction). LSV can be used
to determine the stability of the electrolyte window and provides qualitative
and quantitative information. LSV is often used to study the kinetics of electron
transfer reactions and the fundamental physical mechanics of electron transfer
reactions, such as reversibility, formal potential, and diffusion coefficient

determination.

Step potential electrochemical spectroscopy

The description of the step potential electrochemical spectroscopy (SPECS)
technique is more detailed than other techniques due to the essential contribution
to the recording of data necessary to reach the conclusions presented
in the experimental part of the dissertation.

SPECS was developed to characterize the behaviour of electrochemical
capacitor electrodes. Conventional electrochemical analysis methods, such
as CV and GCD, provide only limited data on the electrode under test. However,
SPECS has been shown to characterize the electrochemical response more fully.
The basis of SPECS is the separation of charge storage input from faradaic
processes (‘capacitor-like’) and non-faradaic processes (‘battery-like’) [192].

SPECS is based on a series of steps of equal magnitude potential
with the rest time throughout an applied potential window [192-194]. In the rest
time the current equilibrium (i-t transient) is established for each potential step.
This slow sweep rate enables one to approach its maximum charge storage

capabilities. By results obtained from the SPECS technique it is possible
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to characterise the kinetics of ion fluxes, the stability of the electrode material,
the equivalent series resistance, the existence of the residual current such
as leakage and self-discharge current, and the effectiveness of device
engineering. The SPECS current (I1; A) registered at the given potential step
is aresult of the current related with EDL formation, or capacitive charging
process (lep; A) and the diffusion-limited processes (Ip; A and Ir; A). SPECS
allows for separate of both charge storage mechanisms. The current related
to the first mechanism is given by Eq. 7, where: AE; V — potential step, t; s — time
(independent of the previous step), R; Q — series resistance, Cq4; F —

differential EDL capacitance.
AE t
leoL=Z exp(-zc) (7)

EDL can be formed at the surface of the pores in the bulk of the electrode
(Ir; A) as well as in easily accessible for electrolyte the so-called geometric
electrode surface area (lg; A). In this case Eq. 7 can be divided into two

components given by Eq. 8.

AE t AE t
lep=lp*lo= 7o exp (-——) +5-exp (- =——) 8
epL=lptle=goexp (- ) ¥ poexp (g (8)

Diffusion-limited processes are much slower than EDL formation because
of continuous redox reactions. Therefore, the diffusional current decreases slowly
over the equilibration time. This current (Ip; A) can be modeled by using
the Cottrell Eq. 9 for semi-infinite planar diffusion, where: n; - — the number
of electrons involved in an electrode reaction, F; C mol? — Faraday’s constant
(96496.7), A; m? — electrode surface area, C; mol m® — concentration
of the species at the electrode surface, D; m? s — diffusion coefficient
of the species, B; A s°° — constant proportional to the capacitance of the diffusion

limited process.

D.05 g
Ib=nFAC(Z) =35 €)
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I+ does not reach zero at the end of the equilibration time. This does not
happen because of the existence of residual processes, along with EDL
and diffusion-limited processes. The residual processes occur due to slow
diffusional processes (side reactions) in a given equilibration time. Hence,
the residual current (Ir; A) is another term that needs to be added to the SPECS
model to account for the Ir. Thus, the It current of the SPECS data can be given
by Eq. 10.

lr=lptlg+lp+lr (10)

The current data from each potential step (i-t transient) can be used
to calculate representative voltammograms at different scan rates by averaging
the output current for a specified time after the potential step change.
The voltamograms highlight the most important factors that affect the overall EC
performance at various scan rates. Charge storage in EDL form (lp, lg),
dominates at high scan rates (fast kinetics), leading to 'box-like' voltammograms
and electrode-like capacitor behaviour. Although diffuse energy storage — redox
(Io, Ir) dominates at lower scan rates (slow kinetics) and is characterized
by the battery response of the electrode [192].

Recently, the basic methodology for separating the individual I+ components
has been refined. The previous protocol assumed that each i-t transient step
was independent of the former one. The basic protocol provides excellent relative
information, but cannot reproduce the actual CV data. The revised methodology
provides results much closer to that of the CV. It takes into account
the interactions between the i-t transients in the next potential stages. The revised
methodology emphasizes the independence of the EDL charge-storage
processes compared to faradic processes. For the latter mechanism, the i-t

transients depend on the previous [195]
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5. Summary

Nowadays, ECs occupy a limited electrochemical energy storage devices
market niche. The low energy and high cost per Wh are the main reasons
why they are not the preferred technology, and enhancing its value is the main
challenge facing ECs developers. However, due to their irreplaceable properties,
ECs create new possibilities for themselves and have the opportunity to enter
the market more widely. This is already evident in emergency power areas
and on a larger scale in hybrid capacitor systems development for electric vehicle
power. The electrolyte has been recognized as one of the most important
elements influencing EC performance. The main factors are conductivity,
temperature range, and electrochemical/thermal stability. While significant
progress has been made, there are various challenges that make it difficult
to exploit the potential of certain solutions for commercial applications. Both
the energy and the power density are directly dependent on the voltage.
However, a higher voltage often degrades other electrolyte properties.
Non-aqueous electrolytes (ionic and organic liquids) are suitable candidates
foran energy density improvement. Unfortunately, they are characterized
by lower conductivity, and their use in EC leads to lower capacitance and higher
resistance in comparison to that in aqueous electrolyte-based systems. Still,
the charge storage mechanism systems based on ionic liquids, solid electrolytes,
and redox activity have not been fully explained. Other strategies that have been
proposed to improve ECs performance include pseudocapacitance electrode
materials, where charge storage is realized via pseudocapacitance redox
reactions at the electrode surface. Furthermore, a compatibility
of the electrolyte/electrode material is essential. Material research directions
typically focus on novel, optimized structures and morphologies, and their contact
with electrolytes ultimately maximize the amount of charge storage. Some in situ
experimental advances and significant theoretical research have been achieved,
but there is stil some controversy regarding the phenomena
at the electrode/electrolyte interface, the effect of organic solvent addition on the

EDL formation, and the temperature effect. There is also a lack of a complete
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understanding of the dynamics of ions in more complex electrode structures
(e.g., hybrid nanostructures). Moreover, compared to basic research on EDL
charge storage mechanisms, theoretical modeling of pseudocapacitance
and hybrid devices with specific electrolytes is still very limited. There is an urgent
need to establish standardized methods to characterize the performance of new
systems. It is also not easy to select and compare the appropriate
electrolyte/electrode material systems for a given application, as performance
indicators are typically obtained under different conditions. From a practical point
of view, optimizing individual stages of electrode production
is also of key importance, leading to a reduction in financial outlays.
The selection of the correct electrode manufacturing conditions should increase
the efficiency of the ECs. Additionally, the energy, power density, and gravimetric
capacitance given are based on the weight of the active electrode materials.
However, an electrolyte and separator also make up a large content of the total
mass, which should not be underestimated. The challenges presented
in this section must be met while reducing costs, without sacrificing the long cycle
life and extremely high efficiency that make ECs so different from batteries [196-
198].
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Experimental part
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Motivation

If the processing of electrode materials is improperly performed,
the potential of electrochemical energy storage devices will not be fully
used [199]. The subject of electrode suspension rheology, known as electrode
slurry, is rarely discussed and this forms the basis for further research
on this topic. The rheology of the electrode slurry combines all variables
that ultimately affect the mechanical and electrochemical properties
of the electrode [200]. To increase ECs efficiency, it is necessary to specify
optimal manufacturing conditions, bearing in mind the cost of their production.
The manufacturing optimization process leads to cheaper electrode production
with improved properties such as efficiency, lifetime, safety, and production costs.
Slurry processing and electrode production are some of the most important
stages. These stages ensure high quality, reliability, performance, and safety
of the assembled devices. The interactions between active and inactive
electrochemical materials have an important impact on suspension stability,

mixing efficiency, coating process, and final electrode properties.
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Summary

In Article Al — ‘Toward better porous carbon-based electrodes
by investigation of the viscoelastic properties of carbon suspension’ electrode
slurry based on AC was assigned to the Newtonian fluid group. Only at very low
shear rates does the material belong to non-Newtonian (shear-thinning) fluids.
The research applicability comes when specifying the viscosity window of the
electrode slurry, which provides even coverage of the current collector and finally
ensures high EC efficiency. The viscosity limit is 0.3 Pa-s. Below this value,
the slurry spreads on the collector surface and, while the viscosity decreases,
the level of the uncovered surface increases after a drying process. Above 14
Pa's the material is characterized by solid response and does not allow
it to spread as a film. On the basis of the delivered equation, it is possible
to predict geometric dimensions of an electrode based on the slurry viscosity
and its composition. Moreover, the developed economic analysis predicts
the price of substrates necessary to produce electrode slurry at the given
electrode end parameters. It can be concluded that the price of the electrode
material does not change linearly with the AC content. The mixing process
has a major influence on suspension stability. The positive impact of the ULTRA-
TURAX type mixer has been confirmed experimentally. This type of mixing
results in chaotic circulation of the suspension throughout the volume.
AC particles are evenly spaced from each other, and their mutual interactions
are limited. The suspension remains stable after the shear forces have stopped.
The aggregation is limited despite the long storage time of the sample.
The presence of microstructure was confirmed in the final part of the research.
Suspension has some energy storage capacity and should be able to return
to some extent to its original configuration before applying some force. The slurry
behaves as a flexible solid (although not an ideal one). The non-ideality comes
from mechanical energy dissipating. The binder forms bridges between the AC
particles. These bonds are destroyed under the influence of sufficiently high
shear forces. The carbon-polymer-carbon bridges may be partially restored after

shear forces have ceased.
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Abstract

In the article, we assign an electrode slurry based on activated carbon to a given group of rheological fluids.
We explain the interactions between the slurry components and their impact on the flow nature. The effect
of the microstructure formed after slurry preparation is also discussed. We provide a universal mathematical model
that correlates the electrode thickness, the viscosity, and composition of slurry (mass of solid materials, solvent volume,
and ratio between components). The viscosity window and optimal ratio between components, which are necessary
to form the right coating on the stainless-steel foil as a current collector, have been specified. Moreover, the phenomena
accompanying the selected mixing technique are discussed. Finally, the paper provides an economic analysis

of electrode slurry production.

1. Introduction

Rapid progress in the development of energy
storage and conversion systems is motivated
by the huge energy demand from society [1]. Electricity
Is the kind of energy that can be relatively easily
transported and converted, without significant losses.
Transfer of the electric energy must be realized
with the help of various tolls and devices for its storage.
The literature widely explains electric charge storage
phenomena and addresses the issues of improving
the device production processes. In addition to many
conventional energy storage systems such as batteries,
electrochemical capacitors (ECs) are relatively new
and effective tools for energy storage. Research on new
electrode materials is a continuous trend
in the development of ECs [2, 3]. However,
the application potential of the most promising materials
will not be fully exploited if the processing of these
materials is not performed in a right way. In this context,
the aspect of the electrode material suspension
(so-called electrode slurry) is rarely discussed.
Toincrease the efficiency of ECs, it IS necessary
to specify optimal manufacturing conditions, bearing
in mind the cost of their production. The manufacturing
optimization process leads to cheaper electrode
production with improved properties such as efficiency,
lifetime, safety, and production costs.

ECs consists of three main components: a positive
and negative electrode, a separator, and an electrolyte.
Electrodes are de facto responsible for charge storage,
the separator prevents short circuiting,
and the electrolyte is a charge carrier [4]. Electrodes
are formed in the first stage of the production chain

by coating the current collector with electrode slurry.
The coating should be characterized by a continuous,
homogeneous, and smooth structure. Slurry processing
and electrode production are some of the most important
stages. These stages ensure ECs high quality, reliability,
performance, and safety of the assembled devices [5].
However, the charge/discharge efficiency depends
on the active and inactive electrochemical materials.
Their interactions have an important impact
on suspension stability, mixing efficiency, coating
process, and final electrode properties. Electrode
suspensions usually contain electrochemically active
material such as activated carbon (AC) and inactive
components such as additives, a polymeric binder (B)
dissolved in a solvent [6]. The rheological properties
of the slurry depend both on the ratio and type
of components. Each electrode production stage
subjects the slurry to various stresses and requires
detailed controlling of rheological properties. The second
area of ECs manufacturing concerns the design,
evaluation, and new assembly processes optimization.
The last step of the production chain deals with scrap
reduction and quality assurance.

The industrial process of EC production starts
with the  preparation of the current collector
for the coating process (Fig. 1).

Fig. 1. Block diagram of the electrochemical capacitor production line.
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The current collector surface must be cleaned
with surfactants and is followed by a thorough
degreasing. Incorrect surface cleaning may result
in future problems with peeling off of graphite glue and
slurry layers, performed in subsequent production
stages. In the next stage, adhesive glue (often based
on graphite) is distributed in the form of a thin film
on the collector surface. This component is responsible
for improving the adhesion of the electrode material
tothe collector surface. Moreover, it increases
the electrode conductivity and decreases the resistance.
The covered collector is then subjected to drying.
The electrode slurry is prepared on the next production
stage. The suspension consists of solid materials (AC, B,
and additives) suspended in a (fluid) solvent. Electrode
material in liquid form is necessary for its distribution
onthe current collector surface. Polymer-based
materials in the formulation play the role of binder. Binder
keeps the active material particles together
on the collector surface and ensures electrode flexibility.
Binder content is usually adjusted between 3 and 15%
of the electrode mass (counted for dry and solid
materials). Polyvinylidene fluoride (PVdF) is the most
commonly used binder. The literature proposed several
alternatives such as water-suspended binders such
as styrene-butadiene rubber (SBR) or PTFE [5].
More recent scientific reports give an example of volatile
poly(propylene carbonate) (PPC) in batteries. PPC
easily evaporates during drying, and it is observed that it
might also reduce the negative impact of the binder
on electrode resistance [7]. Activated carbon (AC)
is the predominant slurry component in ECs. The AC
content ranges between 85 and 97% of the final mass
of the electrode.

Finally, all materials are mixed to obtain
a homogeneous suspension. Therefore, the correct
selection of mixing type is an important step towards
further production of good quality electrodes.
Furthermore, the suspension coats the collector surface
previously covered by conductive agents. A covered
collector is subjected to drying. Temperature and drying
time depend on the amount and type of solvent.
The coating must form the layer with very uniform
thickness and density distribution, as any heterogeneity
in the layer can cause future electrode instability. Drying
can take a long time, even up to 24 hours at 120 °C under
deep vacuum, and is one of the most expensive steps
in the electrode manufacturing process [8, 9]. Solvent
recovery systems are usually used in commercial
manufacturing, due to the high cost of solvents
and to prevent pollution of the environment [10].
Cheaper and more environmentally friendly solvents,
such as water-based suspensions, do not require
arecovery system and, in this context, seem to be
an interesting alternative for organic formulations [11,
12].

MNon-conventional methods include
an electrostatic coating. This method is based on adding
high wvoltage to the spray nozzle and grounding
the current collector. Sprayed material is thus attracted
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to the collector surface. Although this method allows
for coating various collectors, it still requires solvent re-
use and the drying step cannot be eliminated.
Interestingly, for battery electrode production, so-called
dry powder coating processes are used; hence, the
thermal activation time has been significantly shortened
and the costs remarkably reduced. In this process,
the solvent evaporation step was completely eliminated
and replaced by so-called hot rolling [13]. Dry-coated
electrodes demonstrate good flexibility and coatability
on large surfaces. Based on the cost analysis, dry
painting reduces costs by up to 15% [13]. This includes
the elimination of solvent recovery systems. In addition,
it eliminates the time-consuming and energy-intensive
drying step.

Although significant progress has been made over
the past twenty years in EC and Li-ion (LIB) electrode
technology, solutions for higher energy and power
densities are still being sought. A conventional strategy
to improve these parameters is to increase the density
of the electrode [14]. However, increasing the packing
density is not always desired. Increasing the electrode
thickness seems to be an alternative strategy. However,
this approach limits ion transport and results in poor
energy efficiency and inefficient use of electrode
material. Another solution may be the arrangement
of well-organized electrode particles. Most electrodes
are produced by randomly arranging particles. Free-
distributed particles easily agglomerate and can also
become an isolated group in the electrode network.
This isolated group does not play its basic role,
but hinders ion transport instead. A well-organized
structure provides better responses and performance
compared to randomly distributed particles [14]
An efficient method for the production of 3D electrode
with organized structures exploits the electric field.
This technique iIs easy to implement and provides
the effect of long-range electrostatic interactions
between particles [15, 16]. It has been found that with
these forces one can effectively manipulate the particles
in colloidal suspension.

Once the drying step is completed, the coated
collector is subjected to calendaring to increase
its density. Afterwards, the electrodes are cut
to the desired size, depending on the purpose: tablets
or pouch cells, pocket electronic, and rolls for industrial
or automotive applications. The mechanical cutting
process is the most used method for electrode formation.
The  main disadvantages of  this method
are the microshape change and bending of the electrode
edges; these can affect local changes in the cell volume
in larger systems. In contrast, laser cutting is a non-
contact process — free from wear, providing fast, flexible
adjustment of cutting geometry and increased cut speed,
compared to conventional technologies.

Viscosity, concentration, dispersibility,
and the ability to thicken the slurry affect its stability
and susceptibility to sedimentation. Finally,
the viscoelastic properties of the electrode slurry affect
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the coating quality including coating speed, film
thickness, and edge profiles (Fig. 2).

CARBON
Wy w Particles ‘El-’j,-?' Component properties

04 Mixing

Coating

Calendering

Drying

Fig. 2. Production parameters affecting the electrode structure.

The aim is to achieve a constant thickness not only
at the electrode center but also at its edges. Incorrect
viscoelastic properties of the slurry may generate
so-called "heavy edges", originating from increased
material volume in this area. This Ileads
to a non-homogeneous pressure distribution during
calendaring, which further results in an inhomogeneous
structure of the electrode. Uneven edges must be
removed to ensure a constant amount of active material
per unit of area. However, it is associated with the loss
of valuable material and generating wastes that cannot
be included for reuse. The production of rolled electrodes
with a longer length increases the cantering of the spread
material and causes undesirable electrode folds [17].
It is possible to produce layers with better coating
properties by increasing the viscosity of the slurry at low
shear rates [18]. It results in sharper edge contours
and reduces the amount of waste. However, the high
viscosity determines the coating problems and poor
dispersibility (low film homogeneity) [19]. The uniform
layer thickness and density are crucial to guarantee
along lifetime and ensure efficient ion transport.
Adjusting the thickness using calendaring leads
to smaller, more compact ECs [20]. Thickness can also
be controlled by selecting components, their proportion,
physical properties (shape of molecules, size)
and mutual interactions. For example, the viscosity
of the polymeric binder solution can be adjusted
by varying the concentration of the polymer in solution
or changing the properties of the polymer [21].
The binder type affects the porous structure availability
for the attracted ions, which translates into the final
capacitance value. It has been proven that the presence
of large numbers of irregularly shaped particles results
Inan increase in suspension viscosity. This is due
to the increased impact of particle friction and blocking,
but also to the extra energy of flow needed to bypass
molecules through the fluid. The shape and distribution
of the particles also affect the density of the packing.
Uneven particles pack more efficiently than ball-shaped
particles. Another model is based on the suspension
polydispersity (with different particle size), which ensures
a more efficient packing compared to the monodisperse
sample at the same concentration. The increased

surface area of particles in a volume unit increases
the dispersion viscosity. This phenomenon enhances
the interaction between particles and particles/liquid.
The viscoelastic properties are also directly affected
by the method of processing the electrode material,
thetype of homogenization, the mixing time
and the applied shear rate [22, 23].

Electrode slurry demonstrates shear-thinning
properties, regardless its composition [6]. However,
the viscosity decreases with increasing shear rate
and may vary significantly, depending
on the composition of the material and preparation.
At low shear rates, the carbon-black-free slurry prepared
without intense mixing behaves similarly to Newtonian
fluids (plateau with a very small gradient). The active
particles slide against one another, and the viscosity
is largely a function of the properties of the continuous
phase, the binder solution and solvent. The behavior
of shear-thinning at higher shear rates can be attributed
to the orientation and extension of the binding molecules.
The carbon black suspensions exhibit a yield point
characterized by a decrease in viscosity at low shear
rates. This suspension is more stable and shows greater
resistance to sedimentation. Materials with carbon black,
which are subjected to intensive mixing, do not show
ayield point, but exhibit behavior similar to that
of graphite  formulas. Intensive  carbon  black
deagglomeration clearly affects the properties
of the slurry. The lower deformation energy indicates
the difficulty to compress the stiffer structure. The
sample with highly agglomerated CB shows yield stress,
compressing more easily than with the CB dispersed.
The shear-thinning effect is beneficial during slurry
manufacture [24]. Viscosity at low shear rates can vary
over a wide range without changing the concentration
of the polymeric agents. It is possible by using capillary
forces created by adding a second nonimmiscible liquid
[18]. This generates a network that connects
the components (Van der Waals forces) [25, 26]. Such
a suspension provides stability (slow sedimentation)
and no sharp edges. This reduces waste and increases
the density of active ingredients, thereby improving cost-
effectiveness. The viscosity at high shear rates remains
unchanged, so that slurries can be processed
and coated using fixed apparatus and process
parameters. The adhesion and electrochemical
properties are similar to those of conventional
suspensions. The added liquid evaporates during
coating and does not remain in the dry electrode layer.
The capillary suspension concept aims to reduce organic
additives, such as rheological additives and binders.
It enables a higher active material density and enhances
electrical conductivity.
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2. Experimental

2.1. Materials

Carbon electrodes based on six types of AC
(Kuraray® YP-50F and YP-80F, Norit® DLC Super 30
and 50, Norit® DLC Supra 30 and 50) were prepared
by the coating method. Polymer polyvinylidene fluoride
(PVDF) played the role of binder and MN-Methyl-2-
pyrrolidone (NMP) (Sigma Aldrich®, USA,
p=1.024 g cm?) as solvent. The conductive graphite glue
was abandoned to eliminate changes in the regional
electrode thickness. The slurry samples were prepared
in 10 mL beakers (AC + 5wit% PVDF in NMP + free
NMP). 5wit% PVDF in MMP solution was mixed
by magnetic stirrer for 24 h at 23°C. A constant mass
(1g) of solid materials (AC and PVDF) was used
with different ratios 85:15%, 90:10%, 95:5% and solvent
volumes (3, 4, 5 and 7 mL). After that, the samples were
subjected to mixing with a high-speed IKA® ULTRA-
TURRAX® disperser for 90 seconds. The IKA® RCT
basic magnetic stirrer was used for studies of mixing
influence (AC 85:15 PVDF + 4 mL of NMP for 12 h
at 600 rpm). All measurements and coating processes
were carried out immediately after the preparation
of the samples to eliminate the sedimentation effect.
316L stainless-steel foil was applied as the current
collector (5 x 10 x 0.01 cm). The collector surface was
cleaned with surfactants and degreased with acetone.
After that, the collectors were dried for 12 h at 70°C. A
DOCTOR BLADE (model 4340) made by Elcometer
ensured a uniform distribution of the slurry film
on the collector surface. The device ensures that the film
bends by vacuum mechanism during coating. The knife
gap was 200 pym and the blade speed 5.7 10° m s
The coatings thus prepared were allowed
to pre-evaporate the NMP (for 30 min.) and then
transported to a dryer for 24 h at 70°C to fully evaporate
the solvent.

2.2 Measurements

Rheological measurements were carried out with
BROOKFIELD plate-cone viscometer (model DV2T).
The shear stress and viscosity range included the torque
above 10% recommended by the producer. The cone
and rheometer plate were cleaned with distilled water
and acetone and then thoroughly dried. Electrode
slurries samples were applied to the rheometer plate
using a 1 mL volume syringe. A cone CPA-51Z (2.4 -
47990 mPa s) designed for highly viscous liquids
was used. For each sample, more than 6 values
(representing an average of 3 repetitions) shear stress
and viscosity were obtained throughout the possible
shear rate. The contact angle experiment was performed
on a DataPhysics goniometer equipped with an optical
contact angle {(OCA 15Pro) analysis system. Liquid
droplet analysis was performed using the SCA 20
module software, which allowed the measurement
of the static contact angle on a flat surface
by automatically detecting baselines and tangents.
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The accuracy of the contact angle measurement
was considered #0.1°. The injection sample volume
was 5 JL and the speed 1.5 uL s'. The electronic screw
micrometer from ELECTROMIC DIGITAL was used
to measure the thickness of the thickness of the
electrode material on the collector surface.

3. Results and discussion

The viscosity data for the studied electrode
slurries are presented in Fig. 3 (for AC Kuraray®
YP-50F).
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Fig. 3. Viscosity data for electrode slurries based on activated carbon
(Kuraray® YP-50F), binder (polyvinylidene fluoride PVDF) and solvent
(M-Methyl-2-pyrrolidone NMP).

The shear rate range (for which the measurement
is possible to realize) decreases as the viscosity
of the slurry increases. This range is wider as the binder
fraction decreases (from 15 to 5% of the solid materials
content) and the solvent volume increases (from 3 to 7
mL per 1 g of solid materials). The suspension with 15%
binder and 3 mL of NMP is characterized by the highest
viscosity. The suspension with 5% binder and 7 mL
of NMP has the lowest viscosity. It can be seen that
the slurry can be classified as Newtonian fluid.
The curves are characterized by constant viscosity
in a wide shear rate range. The suspension behaves like
a non-Newtonian  fluid (strong  shear-thinning
phenomenon) only at a very slow shear rate (<200 s).
This is especially true for slurries with ratio of 3:1
(NMP:solid materials). Due to the shear-thinning region,
power trend lines were used to describe the course of the
recorded points. The only exception is for AC955B + 7
mL of NMP. Here the trend line is described by SI Eq. 1.

To compare the viscosity for all samples
(S1 Fig. 1) the viscosity value for one shear rate (384 s,
100 RPM) was selected. Given viscosities
were determined on the basis of equations describing
particular trend lines for viscosity curves. To determine
the viscosity for intermediate points (e.g., for 6 mL NMP),
trend lines for materials with different compositions
and different solvent volumes were again appointed.
Eq. 1 describes the course of the viscosity curve versus
NMP volume (for 384 s-!, where: u — dynamic viscosity
[mPa s], a, b, c — constant values [-], V — solvent volume
[mL]).
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p=a-e®V+c (1)

Sl Fig. 2 presents the viscosity of the slurry
vs.the AC:B ratio for different solvent volumes.
The viscosities for the intermediate composition
(e.g, 86:14) were determined based on Eq. 2
(where:no. - ordinal number  corresponding
to the composition of the suspension: 1 - 85:15,
2-90:10, 3 =955 []).

Eq. 2 allows one to calculate the viscosity
for a given AC share in the solid material in the range
(0.85-10.95).

u=a.e-b-m.+c (2)

For the curves shown in Sl Fig. 3 in the range
of AC 0.85—0.95 (with 0.01 AC content step) in the solid
material, for this purpose the models describing them
were based on Eq. 3.

p=a-e?V+c (3)

To find the universal equation for the viscosity
of the slurry, it is necessary to find the equation
that describes the a, b, and c constants. Sl Fig. 4
presents the constant the constant a, b, and ¢ versus
the AC content in the slurry. The given constants
are described as different trend lines (y({a) — power trend
line, y(a) — polynomial trend line of the order of 6,
y(c) — polynomial trend line of the order of 6).

y (a)= 0.5-u®173 (4)

y (b)=-3641262.68-u+19527777.34-u°
-43595,531.9-u*+ 51860176.02-u>
-34670208.16-u%+12350606.05-u-1,831555.76  (5)

Y(c)=-351485.37-u8+1883678.1-u°
-4204860.23-u*+ 5004390.05-u®
-3349095.26-u?+1194961.26-u-177588.82  (6)

These equations were substituted for the Eq. 7.
y=a-e?*+c (7)

Finally, a Eq. 8 (where: y(a), y(b), y(c) — constants
depending on the AC share in the solid material [-],
m-mass of solid materials in the slurry [g])
was obtained for the viscosity, depending
on its composition - AC share in solid material
[0.85 — 0.95], solid material mass [g] and solvent volume
[mL].

b= y(a)e?®may(c) (8)

The coatings were necessary to link viscosity
with the  thickness of the electrode material
on the collector surface (S| Fig. 5). The thickness

of the electrode material was measured on the collector
surface after the drying process. Eq. 9 (where:
d - the thickness of the electrode material
on the collector surface [um]) present electrode
thickness based on the viscosity of the slurry. Eq. 9
an be used during planning the amount of electrode
slurry and the proportion between its components
to cover a given current collector area.

d = 17.01In(u)+56.63 9)

Controlling electrode thickness is also carried out
by selecting the height of the knife gap. However,
this procedure  will not be used effectively
when the viscosity and density of the slurry will be lower
than the values that allow the obtainment of a greater
electrode thickness. In this case, the electrode material
will dissolve on the coated surface and the knife will not
limit the final thickness. It is possible, based on Eq. 10
to predict the composition to obtain the intended material
thickness on the collector. The contact angle
of the collector was also determined (S1 Fig. 6).

Further research aimed at determining
the viscosity window that allows for uniform coating
of the stainless-steel foil by electrode material. Individual
viscosity ranges and the appearance of the collector
surface covered by electrode slurry for a given range
are shown in Fig. 4 The thickness of the electrode
material and the contact angle are shown in the same
plot.
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Fig. 4. Viscosity ranges of electrode slurry for current collector coating.

It appears that the viscosity limitis 0.3 Pa s. Below
this value, the slurry spreads on the collector surface and
along with the decrease in viscosity, the level
of the uncovered surface increases after the drying
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Fig. 5. The relative price for electrode slurry with a given AC content

and the final electrode thickness.

It can be concluded that the electrode material
price does not change linearly with the AC content.
For materials with a composition corresponding to 40 pm
electrode material thickness, the price increases slightly
after crossing 0.93 AC content. For materials intended
for getting thicker electrodes, a significant increase
in price occurs above 0.92, 0.91, 0.9 for 60, 80 and 100
um respectively. Fig. 6 presents the percentage price
increase in relation to the slurry price with an earlier ratio
AC : B.
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Fig. 6. The percentage increase in price of electrode slurry related to
the price of the material with the previous composition.

The slurry price was calculated based
on the equation (10) (where: Ciotar, Cac, Cs, Cs — total
price, price for AC, binder and solvent respectively;
Cunitac, Cunit 8, C unit— unit price for AC, B and solvent;
Msoiia — Mass of solid materials; uac, us — share of AC
and B in solid materials; Vs — solvent volume,
ps — solvent density).

Ciota=Cac+Cg+Cs=(Cunit Ac Msolid"Uac)
+(CunitB'msoiid'uB)"'(CunitS'VS'ps) (10)
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The research plan also included the mixing
technique influence on the homogenization degree
of solid materials in the NMP. After selecting
a composition for a uniform collectors coverage
the slurry was subjected to mixing by two techniques.
The fluid movement in the vessel and a phenomena
related to the mixing method are shown in Fig. 7.

Stable suspension

Aggregation and fast sedimentation

Fig. 7. Activated carbon particles movement depending on mixing
technique: (a) magnetic, (b) type ULTRA-TURRAX with high-speed.

A magnetic stirrer mixing does not allow obtaining
a homogeneous suspension. A fluid circulation takes
place only horizontally, at the vessel bottom. The liquid
only circulates, which results in a lack of mixing
of adjacent slurry layers. The AC aggregates are formed
over time after the shear forces cease and quickly
sediment at the vessel bottom. The positive impact
of the ULTRA-TURAX type mixer has been confirmed
experimentally. This mixing type results in a chaotic
circulation of the suspension on the whole volume.
The AC particles are spaced evenly from each other,
and their mutual interactions are limited. The suspension
remains stable after the shear forces cease.
The aggregation is limited despite the long storage time
of the sample.

In further studies, the microstructure presence has
been searched for. A microstructure appears
in macroscopic terms as a homogeneous structure,
in micro terms as a system with clear phase boundaries
between the individual components. Such a material
should also have some forces connecting
the components included in the whole volume.
In the studied materials, the presence of such a structure
is confirmed. A schematic explanation and data
confirming the assumptions are presented in Fig. 8.
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and quickly sediment at the bottom of the vessel
The positive impact of the ULTRA-TURAX type mixer
has been confirmed experimentally. This type of mixing
results in chaotic circulation of the suspension across
the whole volume. The AC particles are spaced evenly
from each other, and their mutual interactions are limited.
The suspension remains stable after the shear forces
cease. Aggregation is limited despite the long storage
time of the sample.

In further studies, the presence of microstructure
was searched for. Microstructure appears
in macroscopic terms as a homogeneous structure,
in micro terms as a system with clear phase boundaries
between the individual components. This material should
also have some forces that connect the components
included in the whole volume. In the materials studied,
the presence of such a structure is confirmed.
The schematic explanation and data confirming
the assumptions are presented in Fig. 8.
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Fig. 8 (a) Conservative (G) and loss (G"”) modulus in slurry
with schematic representation of the microstructure behavior under
the influence of shear forces. (b) Impact of shear forces on the elasticity
and the viscosity modulus.

The conservative and loss modulus plot
was created to verify the presence of microstructure
in the studied material. To break the microstructure force
greater than that which occurs between the particles
must be applied. When the applied force is weaker than
the molecular forces (G is greater than G”), the material
has a certain energy preservation capacity and should
be able to return to some extent to its original
configuration before applying the force. The material
behaves like a flexible solid (although not ideal).
The non-ideality comes from mechanical energy

dissipating. However, when the applied force is higher,
the microstructure is filled and the mechanical energy fed
to the material is dispersed. It means the flow of material
(G becomes greater than G”). In the fluid under
consideration, the first state is present. The binder forms
bridges between AC particles. These bonds
are destroyed under the influence of sufficiently high
shear forces. The viscous and elastic modulus
decreases with respect to the fresh sample. The carbon-
polymer-carbon bridges may be partially restored after
the shear forces have ceased. However, this hypothesis
requires further confirmation.

Conclusions

The viscoelastic features of the electrode slurry
combine all of the variables that ultimately affect
mechanical and electrochemical electrode properties.
Precise knowledge of the behavior of the slurry flow led
to the finding of optimal conditions for its preparation,
ensuring high capacitor efficiency. Research specifies
the electrode slurry composition (ratio between
its components). The composition received the viscosity
window in which it is possible to uniformly coat
the current  collector.  Derived equations linked
the viscosity of the slurry, its composition,
and the geometric dimensions of the electrode.
The developed economic analysis predicts the price
of substrates necessary to produce electrode slurry
at the given electrode end parameters.
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Supplementary information

p=a-e P 4¢ (sl1)
where: p — dynamic viscosity [Pa s], a, b, ¢ — constants
values, respectively: a =14867.68, b=1.05, c=5115.87)
[-], ¥ — shear rate [s-]).
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7. Article A2

Title: Interfacial aspects induced by saturated aqueous electrolytes
in electrochemical capacitor applications

Authors: Przemystaw Galek, Elzbieta Fragckowiak, Krzysztof Fic

Journal:  Electrochimica Acta, 2020, vol. 334, 135572-1 - 135572-12

DOLl: 10.1016/j.electacta.2019.135572

Viscosity

Conductivity

Max. operating voltage

Mildly concentrated electrolyte

Motivation

The main purpose of the applicability of ‘water-in-salt’ electrolytes in ECs
isto improve the energy density by increasing voltage. It is assumed
that reducing the water in such a medium, by increasing the concentration
of dissolved salt, may lead to an increase in the solvation power of water
molecules with ions. Both the volume and weight of the dissolved salt should
be greater than those of the water. The literature shows that it is possible to obtain
2.4 V (comparable to the voltage of organic electrolytes), while in conventional
water-based devices it is difficult to exceed 1.6 V. The limited voltage results
from the low value of the water decomposition voltage reaching theoretically up
to 1.23V. The capacitance is improved in proposed concept systems.
The energy density is up to three times that of conventional water-based devices
and is on the same order of magnitude as redox-enhanced ECs. EC performance
is obviously a trade-off between high concentration (to extend the potential
window and energy density) and good ionic conductivity (to maintain

an acceptable power density) [141].
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Summary

The Article A2 — f‘Interfacial aspects induced by saturated aqueous
electrolytes in electrochemical capacitor applications’ describes the concept
of highly concentrated “water in salt” type electrolyte in the EC. The CsF
was chosen for the research — a highly soluble inorganic ionic salt. In the research
course, the optimal electrode material with the proposed electrolyte was selected.
Furthermore, the exact electrochemical characteristics were determined
for the three characteristic electrolyte concentrations (1 mol L — reference,
6.3 mol L? — with maximum conductivity and 15.1 mol L' — saturated). Basic
physicochemical properties (conductivity, viscosity, and pH) were determined
for the entire concentration range. With the use of saturated CsF, a positive effect
on self-discharge and charge-discharge efficiency is observed. The concentrated
electrolyte of increased viscosity suppresses the leakage current and the amount
of gas generated during EC work. The disadvantage is that the capacitance
decreases faster during the cyclic charge/discharge compared to that solution.
It has been observed that the electrolytic solution with the highest conductivity
does not necessarily provide the highest system capacitance. Moreover,
concentrated solutions are characterized by a poor wettability of the carbon
electrodes and exhibit high surface tension. The correlation between
the microtexture  properties of carbon, the viscoelastic properties
of the electrolyte, and the capacitance is still unclear. The increase in voltage
and energy is small. This is most likely due to a slight improvement
in the solvation strength for the selected salt (the heavier the ion, the weaker
the solvation strength). The interactions between ions and water molecules
are still too weak to shift the water decomposition potential toward higher values.
The concept of ‘water in salt’ has enormous application potential and is currently
at the forefront of research on water electrolytes. However, this is a ground new
topic and requires a more in-depth explanation of the phenomenon related
to the solvation shell formation and the ions transport in the porous structure

of the electrode material.
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This paper reports on the “water-in-salt” electrolyte concept, applying CsF as an ionic compound in a
symmetric electrochemical capacitor. CsF has been selected as a highly soluble inorganic salt that allows
the amount of free water in the electrolyte to be significantly reduced. Several activated carbons with
various microtextural parameters have been investigated to identify the most suitable electrode material.
A wide range of electrolyte concentrations have been investigated in terms of conductivity, pH and
viscosity. The electrochemical characteristics have been determined for three electrolyte concentrations
and indicate critical changes in the electrolyte physicochemical properties. It seems that ion-solvent
interactions, residual water content, electrolyte viscosity and charging/discharging conditions remark-
ably affect the electrochemical performance of capacitors with elevated concentrations of electrolyte. In
addition to the capacitance increase, a positive impact on the self-discharge and charge/discharge effi-
ciency has been observed for higher CsF concentrations.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Energy-related issues are currently an emerging topic among
researchers, policy makers and legal authorities, especially in
countries with developed economies. The world demand for energy
is currently very high and undoubtedly will continue to grow. For
these reasons, new, alternative and highly efficient sources of
electric power are sought [1]. However, harvesting of energy is
directly connected with the necessity for further storage. For this
purpose, a great variety of energy storage systems have been pro-
posed. In addition to well-known batteries (such as Li-ion, Ni-MH,
etc.) normally used for high-energy-density applications, electro-
chemical capacitors (ECs) should be noted. ECs are also known by
different names, such as supercapacitors (SCs) or electric double-
layer capacitors (EDLCs). The major differences between these de-
vices result from the method of electric charge storage, the oper-
ating mode and the kinds of components (e.g., electrodes) [2]. ECs
can be distinguished from other energy storage devices by their
high specific power (above 10 kW kg~') [3—5] which results from a
purely electrostatic charge storage mechanism. However, in com-
parison with conventional batteries, ECs are characterized by a

* Corresponding author.
E-mail address: krzysztof.fic@put.poznan.pl (K. Fic).
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moderate specific energy, usually 3—30 times lower (up to
10 Wh-kg™"); in fact, in batteries, the entire electrode mass par-
ticipates in redox reactions [6—8]. The involvement of the entire
electrode volume in the charge storage process leads to a high
energy density but limits the charge/discharge kinetics. Further-
more, the cycle life (a few thousands of charge/discharge cycles) is
still a serious drawback, but it has to be noted that it strongly de-
pends on the charging/discharging current rate applied and the
operating voltage used. In contrast, ECs can be fully charged and
discharged for up to a million cycles, as there are no chemical
changes in the electrode structure (at least in principle). Thus, the
excellent cyclability and short charging/discharging time of ECs
allow their use in so-called hybrid (complementary) systems with
batteries or as stand-alone devices [9].

Current research seeks to find a solution that gives an energy
similar to that of batteries while maintaining the fast kinetics
typical of ECs. The specific energy Eq (Wh-kg™') depends on the
specific capacitance of a device Cgpe (F g~ ") and its operating voltage
U (V) according to the formula Eq = O.S-CSPE-UZ.

Extensive research on the optimization of EC performance in the
last few years has mainly focused on the development of new
electrode materials and electrolytes with designed properties.
Particular attention has been given to carbon-based materials
[5,10]. Activated carbons (ACs) are distinguished within this group
due to their well-developed specific surface area (reaching

0013-4686/© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2000 m? g~') and adjustable porosity. The highly developed surface
area allows for reversible accumulation of charge by means of
electrostatic interactions [11]. The capacitances of the various ma-
terials used depend on their specific surface area and size and
distribution of pores. Commercial ACs have a specific capacitance of
approx. 100-150 F g ! (depending on the electrolyte in the
system).

Another solution is to replace carbon materials with metal ox-
ides (MnOy, RuO; or FeWOy), resulting in a device that can behave
like a capacitor [12—14]. Due to the different mechanisms respon-
sible for charge storage (redox and adsorption), devices made of
transition metal oxides were formerly called “pseudocapacitors”; as
a consequence of the dramatically increasing number of papers
reporting very high and misleading capacitance values for redox-
type materials, it is now recommended to use the term ‘pseudo-
capacitance’ at the electrode level only [15—17]. The main problem
arising from the incorporation of redox-based processes is the
remarkably reduced power density, as the redox processes involved
in these devices cannot cope with high charge/discharge rates [ 18].
Hybrid systems, which consist of a faradaic electrode and a
capacitive electrode, have also been proposed. In fact, hybrid sys-
tems are a promising approach to mitigate the problem of low
energy while maintaining reasonable power [19—22]. For instance,
Omar et al. investigated a prototype of lithium-ion capacitor with
an energy density of 14 Wh-kg ™! and power up to 10 kW kg~ [23].
Besides, passive cascade systems based on hybrid systems (Ni-MH
battery 192 V/ultracapacitors 48 V, 80 F) are used in hybrid electric
vehicles (HEVs). These systems demonstrate the specific energy of
35Wh-kg~' and specific power of 750 W kg~ [24]. However, it has
to be noted that hybrid technologies are still under development
and the long-time performance is still limited.

Other solutions propose hybrid capacitors that can exploit the
full range of the operating potential for individual electrodes. As a
result, the voltage, specific capacity and energy density are
improved. The systems using various active materials such as: AC//
MnO;, AC//LizMn409, AC//LiTiz(PO4);, AC//LiaTisO12 with water
electrolytes have been proposed [25].

In addition to electrode materials, several electrolytes have been
proposed [26]. Among electrolytes, the most common are aqueous
solutions, which are characterized by high conductivity (resulting
in high EC power) and the lack of flammable or toxic solvents. ECs
based on this type of electrolyte are attractive due to their relatively
high capacitance, excellent power rate, low cost and negligible
environmental impact. An important aspect is also the lack of a
need for an inert atmosphere during production. The main disad-
vantage of aqueous electrolytes, especially those based on acidic or
alkaline solutions, is their modest voltage window, which is limited
by the thermodynamic stability of water and reaches a theoretical
value of only 1.23 V [27]. In practice, the obtained voltage is slightly
higher; this higher voltage is achieved by adjusting the physico-
chemical properties of the electrolyte (pH or conductivity) and/or
by modifying the surface chemistry of carbon electrodes [28]. In
some cases, it is possible to reach a voltage of up to 2 V [29], but
only for pH-neutral electrolytes.

Exceeding the theoretical value results in the appearance of OH™
anions, derived from the decomposition of water at the negative
electrode [30]. The reduction of water in the range of negative
potentials generates molecular hydrogen, according to equation (1),
which is then adsorbed by porous carbon electrodes in the place of
its formation (in statu nascendi).

C+ xH0 + xe™ — <C>Hy + xOH™ (1)

Recent results have indicated that the main factor contributing
to the deterioration of carbon/carbon cell performance in aqueous

electrolytes is (excessive) hydrogen (H;) production at the negative
electrode, oxidation of the positive carbon electrode and corrosion
of the current collector [31-38]. Excessive gas production obviously
leads to an increase in internal pressure and cell damage [39].
Although hydrogen electrosorption is claimed to be a pseudoca-
pacitive phenomenon, the adsorption and desorption of hydrogen
inside a porous carbon electrode is never fully reversible. The
irreversibility of this process varies with the applied voltage and
contributes to reduced energy efficiency in the system. To improve
the charging efficiency, ions must be quickly transported to/from
the carbon/electrolyte interface with the minimum amount of free
water. This process contributes to the effective redistribution of
ions and their separation via the so-called sieving effect [40].

Organic electrolytes (based on acetonitrile or carbonates) are
characterized by a wide range of thermal stability from —40 °C to
60 °C and an electrochemical stability reaching 3.0 V [41]. Their
disadvantages include high volatility, flammability and the need for
an inert atmosphere during cell production. This is related to their
high sensitivity to moisture and oxygen from the air. Furthermore,
acetonitrile-based electrolytes are much more toxic than aqueous-
based solutions as acetonitrile might be easily converted to the
lethal cyanide form. Another serious disadvantage is their low
conductivity [42,43].

The last kinds of electrolytes are ionic liquids (ILs), i.e., electro-
lytes composed entirely of ions. A high voltage (up to 4.0 V), lack of
flammable solvent and negligible impact on the environment are
their main advantages [44]. Furthermore, their “adjustable” prop-
erties make ILs suitable for a wide range of specific applications
[45,46]. However, this type of electrolyte is still too expensive for EC
mass production. Considering the most important factor (i.e., cost)
when evaluating the practical application of a certain type of
electrolyte in the mass production of ECs, aqueous electrolytes
appear to be the most reasonable choice. However, the low oper-
ating voltage slightly increases the cost per unit energy stored.

As already mentioned, the energy stored in a capacitor strongly
depends on the operating voltage of the system. In the case of
aqueous electrolytes, the voltage can be increased by local pH
changes at the electrode or by using so-called “water-in-salt”
electrolyte. The idea of “water-in-salt” electrolyte is to limit the
amount of “free” water to a minimum, which is determined by the
salt solubility [47]. Taking into account the concentration gradient,
this concept should also have a positive effect on local pH changes
and the water decomposition reaction rate, as it depends on the
amount of water available near the electrode surface [48]. The term
“water-in-salt” electrolyte refers to the high concentration of salt
dissolved in water (solvent), with mass (Msait:Myater) and volume
(Vsalt:Vwater) ratios greater than 1 [49]. The critical feature that
determines the electrochemical properties of these electrolytes is
the solvation process, which is completely different here than in
classic water electrolytes. The number of water molecules sur-
rounding the ions is significantly reduced and depends on the salt
concentration. As a consequence, the structure of the interface area
changes; for a suitably designed electrolyte, it is possible to strongly
reduce or even completely suppress water decomposition.

So far, mainly pH-neutral electrolytes, such as aqueous solutions
of Li»SO4, NaSO4 and KSO4, have been applied in ECs [31]. How-
ever, these salts are characterized by low solubility in water, which
furthermore decreases with increasing cation size. Due to their low
solubility, these salts cannot be considered in the proposed
concept. It is also well known that EC performance also depends on
the ionic mobility. Therefore, the introduction of highly conductive
neutral electrolytes is essential for high power retention. An
example of such salts for aqueous electrolytes may be alkali-metal
nitrates. These salts are interesting candidates due to their high
solubility, low cost and lack of harmful impact on the environment

69



Mathematical analysis of processes and phenomena
in electrochemical energy storage and conversion systems

P. Galek et al. / Electrochimica Acta 334 (2020) 135572 3

[50]. Sodium nitrate (NaNO3) offers very high solubility in water (up
to 10 mol L™! at 25 °C). It has been demonstrated that by using
8 mol L~! NaNOj3 solution, hydrogen adsorption and desorption are
suppressed [51]. Recently, there has been substantial interest in
super-concentrated electrolytes in lithium-ion batteries [7,52—59]
and electrochemical capacitors [47,60,61]. It thus appears that
LiTFSI is one of the most often investigated compounds. However,
the problems of poor wettability and low conductivity at elevated
concentrations affect the capacitance at high power rates. Thus, the
energy is improved, but the power decreases [62]. However, most
of the “free” water molecules are “blocked” or surrounded by TFSI™
anions. For instance, LiTFSI-based electrolytes at concentrations of
2.5 and 5.0 mol L~! have been proposed as promising solutions
[63]. The capacitor operating voltages achieved were 2.0 and 2.4V,
respectively, with good stability over ten thousand cycles reported.
In this case, it was found that the “water-in-salt” electrolyte did not
affect the capacity of the carbon electrode (100—150 F g~ ') [5]. This
result is a typical value observed for carbon electrodes operating in
water-based electrolytes.

Another effective strategy accompanying the concept of “water-
in-salt” electrolytes is the selection of suitable electrodes that can
suppress the decomposition of water. It is known that the potential
stability window is determined both by the electrochemical sta-
bility of the electrolyte and by the electrocatalytic activity of the
electrodes. For instance, it has been reported that birnessite (MnO;)
has a high specific capacitance and excellent stability in various
electrolytes [64]. This material has a high specific capacity and low
electrocatalytic activity towards OER (oxygen evolution reaction) in
a “water-in-salt” electrolyte applied in a hybrid system (Li/polymer
electrolyte/Liy xyTiz-xAlxSiyP3.yO12 (LTAP) solid electrolyte/“wa-
ter-in-salt” electrolyte/MnO,). A voltage of 4.4 V was achieved.
However, the high cost of LTAP and the formation of lithium den-
drites make this concept somewhat problematic for large-scale
applications [65—-67].

Of course, the final performance of capacitors operating with
“water-in-salt” electrolytes must be a compromise among high
concentration, voltage, energy density and ionic conductivity. In
this paper, we do not use LiTFSI salt and instead report on the
performance of systems based on highly concentrated aqueous CsF
solutions. The study was performed using a wide range of salt
concentrations to determine the effect of the water content in the
electrolyte on the final electrochemical capacitor performance. The
electrochemical results are correlated with the physicochemical
and viscoelastic properties of the solution. The impact of the pore
size and specific surface area of the carbon electrode is also
considered.

2. Experimental
2.1. Electrode preparation and characterization

To select the most suitable carbon material and considering the
viscous character of the electrolytic solutions applied, several ma-
terials were investigated. If not stated otherwise, the term activated
carbon electrode describes a self-standing electrode made of acti-
vated carbon cloth (ACC), Kynol® 507-20, and annealed at 500 °C
for 3 h prior to the experiment to eliminate oxygen-based surface
functional groups. For comparative purposes, Cabot® Black Pearl
2000 (BP 2000), Norit® SX2 activated (N SX2-A) and non-activated
(N SX2-nA) and Kuraray YP-80F (YP—80 F) powders were also
investigated after being subjected to the following formulation
procedure: 5 wt% poly(tetrafluoroethylene) (PTFE) binder (60%
suspension in water, Sigma-Aldrich®) was added to the pristine
powders to obtain the composite electrodes. The binder was
diluted in water, and then the solution was gradually added
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dropwise to a beaker containing the carbon material and iso-
propanol (under magnetic stirring). This procedure allowed for the
even distribution of the polymer in the entire suspension volume.
Then, the prepared material was stirred for 24 h until the solvent
and water were evaporated completely. In the next step, the elec-
trode material was roll-pressed to a final thickness of 200 um and
dried in this form at 70 °C for 12 h. Then, electrodes with a diameter
of 10 mm were cut from the dried materials and the carbon cloth.

The microtextural characteristics of the materials were deter-
mined by using the Brunauer-Emmett-Teller (BET) isotherm
method (77 K) with N3 as an adsorbate (ASAP 2460, Micromeritics,
USA). Before the adsorption/desorption steps, samples were
flushed at 350 °C for 12 h under continuous He flow and further
degassed at 25 °C for 5 h (vacuum).

2.2. Electrolyte characterization

Caesium fluoride (CsF) (Sigma-Aldrich, 99.9%) was directly
diluted in deionized water at various concentrations to determine
the conductivity, viscosity and electrochemical stability of the
electrolyte with respect to concentration. Solid CsF is generally
classified as a hazardous substance. It belongs to hygroscopic
compounds and readily absorbs the moisture from the air. The
toxicological properties of this material have not been fully inves-
tigated. As all of the compounds containing fluorine, it may cause
respiratory and digestive tract irritations. For obvious reasons,
direct contact with acid should be avoided, due to possible HF
formation.

However, one should keep in mind that these data relate to pure,
crystalline form of CsF; once dissolved in the electrolytic solution,
its physicochemical properties and also its toxicity are changed and
most likely diminished. However, its dangerous nature should not
be neglected, in particular, in highly concentrated solutions.

The viscosity measurements were made using a Brookfield
plate-cone rheometer (model DV2T).

The conductivity and pH were measured using a Mettler-Toledo
conductivity- and pH-meter.

2.3. Electrochemical measurements

The operating voltage, capacitance and other capacitor metrics
were determined by the galvanostatic charge/discharge technique
at different current densities within the voltage range of 1.0—-2.0 V.

Cyclic voltammetry (CV) and linear sweep voltammetry (LSV)
were applied to determine the electrolyte stability in two- and
three-electrode cells. LSV was performed in a 5 mL cell with a
reference electrode of Hg|Hg;S04 in 0.5 mol L' K»S04.

Symmetric 2- and 3-electrode systems (with a single electrode
mass of approx. 9.1 mg) were assembled in Swagelok® type cells.
Platinum wire was used as a pseudo-reference electrode in three-
electrode measurements in order to prevent the transfer of ions
between the reference electrode compartment and highly
concentrated electrolyte, caused by the concentration gradient or
osmotic pressure. It has been assumed that the application of
saturated calomel electrode (SCE) or Ag/AgCl electrode in such an
environment can result in ion exchange (electrolyte/electrode) and
changes in pH of electrolyte in the reference electrode.

The electrochemical investigations were performed on a VMP-3
and SP-200 BioLogic® potentiostat/galvanostat.

It should be highlighted that all capacitance values and current
densities are referenced to the mass of one electrode.

3. Results and discussion

The microtextural properties of the investigated carbons are
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presented in Fig. 1.

The selected carbons demonstrated different microtextural
properties claimed to be essential for efficient capacitive charge
storage, such as specific surface area, pore size distribution and
micro-to-mesopore volume ratio. The highest surface area value
(2113 m? g ') was recorded for the KOH-activated carbon powder
Norit® SX-2 (Norit®, Netherlands). The non-activated form of this
material demonstrated the lowest specific surface area value
(843 m? g 1). Similar values have been recorded for Kuraray YP-80F
powder (Kuraray®, Japan) and Kynol® ACC 507-20 tissue. For all
activated carbons, the micropore volume dominated over the
mesopore volume. In the case of Cabot® BP 2000, the mesopore
volume dominated over the micropore volume; this property and
the moderate specific surface area (1500 m? g~') usually ensure
excellent charge propagation. This aspect, however, will be dis-
cussed later in the manuscript.

Regarding the electrolytic solution, caesium fluoride (CsF) was
selected as this compound demonstrates high solubility in water,
reaching up to 600 g CsF per 100 mL (ca. 100 g) of H0 in 25 °C
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Fig. 1. N adsorption isotherms (77 K) (A) and microtextural properties of the carbon
materials used (B).

(molarity: ~18 mol L™, molality: ~39.5 mol-1 kg H,0~'). This
means that from a mass ratio perspective, the criterion for a “water-
in-salt” electrolyte is fulfilled. In comparison to other frequently
applied compounds, CsF displays one of the highest solubilities
among popular salts, even comparable to that of LiTFSI. For
comparative purposes, the molality values of saturated solutions
are presented in Fig. 2.

For a given concentration, the molality (M) of CsF
(M = 37 mol kg ') exceeds the value for LiTFSI by almost two-fold.
Thus, CsF appears to be an interesting ionic specimen for highly
concentrated “water-in-salt” electrolytes. The pH, conductivity and
viscosity of aqueous solutions were measured for selected CsF
concentrations within the 0.2—15.1 mol L' range. The results are
presented in Fig. 3A—C.

The conductivity (Fig. 3A) of diluted (up to 1.0 mol L™!) CsF
solutions is moderate (<76 mS-cm™'); at elevated concentrations,
the profile displays a maximum point at 6.3 mol L~". Then, the
conductivity drops dramatically. It is assumed that this conduc-
tivity decay originates from the high viscosity and reduced ionic
mobility at CsF concentrations higher than 6.3 mol L' (Fig. 3B).

The viscosity of the electrolyte is an important factor and pre-
sents the same trend as that observed in the conductivity vs. CsF
concentration profile. Interestingly, the viscosity remains almost
constant at 2 mPa s up to a CsF concentration of 6.3 mol L™, At
higher concentrations, the viscosity increases rapidly, reaching
35 mPa s at a concentration of 15.1 mol L™, This viscosity increase
might explain the dramatic drop in electrolyte conductivity.

The pH value (Fig. 3C) of diluted and low-concentrated solutions
(up to 1.0 mol L1 is close to neutral (pH 6.9). However, the pH
value increases with the CsF concentration and reaches 11.8
(alkaline) for a CsF concentration of 15.1 mol L.

Considering specific points along the conductivity and viscosity
profiles, three concentrations were selected for analysis of further
electrochemical characteristics: 1.0, 6.3 and 15.1 mol L', However,
based on the conditions that mgay:Myater>1 and Vaie:Viater>1, the
term “water-in-salt” is applicable for 15.1 mol L~! CsF solution, as in
this case mgy)i:Myater €quals 5.49, and Vg,ii:Vwater €quals 1.33. For
6.3 mol L™, these values are 1.19 and 0.29, respectively. In this case,
the second condition is not met, so a CsF concentration of
6.3 mol L™ does not qualify as a “water-in-salt” electrolyte.

The selection of a suitable carbon material for the CsF-based
electrolyte was the next step of the investigation. The maximum
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CsF concentration (15.1 mol L) was used, as the “worst-case
scenario” was assumed for this highly concentrated electrolyte. It
was expected that a high concentration would result in the lowest
wettability, which was confirmed by observations during cell
assembly.

To determine the capacitive properties of different carbons
operating in highly concentrated electrolytes, cyclic voltammetry
(5mV s~ ") was carried out in two electrode cells. The vertex voltage
of 1.8 V was established as a safe value in three-electrode experi-
ments. During the CV experiment, the voltage was gradually
increased from 1.0 V with a step of 0.2 V, and 3 full cycles were
recorded for each voltage.

The highest capacitance values were obtained for the capacitor
operating with ACC 507-20 (134 F g ') electrodes. A remarkably
high capacitance value was also obtained for the capacitor based on
the KOH-activated Norit® SX2 material (99 F g~1). Surprisingly, the
system with Kuraray® YP-80F demonstrated low specific capaci-
tance; Cabot BP 2000 and non-activated Norit® SX did not
demonstrate any significant capacitive response; it is assumed that
poor wettability was the cause of this result. Although several at-
tempts have been made to develop these systems, this has not
resulted in higher capacitance.

To confirm the data from CV, galvanostatic charge/discharge
profiles were recorded at a current density of 1 A g~ ' (Fig. 4B). The
results confirmed that the most promising operating conditions are
ensured by using ACC 507-20 electrodes (denoted further as ACC).

During the tests, it was also noticed that the cut-off voltage is an
important factor for effective electrolyte absorption. For a capacitor
based on ACC electrodes, the capacitance was negligible if the de-
vice was charged up to 1.4 V. Capacitor voltages above 1.6 V led to
effective electrolyte absorption into the porous electrode structure.
Cycling (in a potentiodynamic protocol) at lower voltages allowed
the capacitance to be improved; however, this occurred after the
50th cycle.

In addition to the tests concerning the applied voltage, the
“conditioning” time was investigated. In this experiment, a voltage
of 1.4 V was applied to evaluate whether the electrolyte will
penetrate the electrode bulk under such conditions. The mea-
surement consisted of charging the system with a current density
of05Ag 'toa capacitor voltage of 1.4 V; then, the voltage was
maintained for 1, 10, 100, 1 000, 10 000 and 100 000 s (at that time,
the leakage current was also measured). After the leakage current
measurement, the CV profile was recorded. The final results are
summarized in Fig. 5.

It turns out that the time for which the voltage is maintained
plays a significant role. Increasing the conditioning time improves
the capacitance during the following discharge and diminishes the
leakage current. As expected, the highest capacitance is obtained at
100 000 s, while at 1 s, the CV profile seriously deviates from a
rectangular shape. The leakage current follows this tendency: at a
voltage holding time of 1 s, the leakage current reaches 420 mA g™,
while at 100 000 s, the value is only 3 mA g~ .

After selecting a suitable electrode material, cyclic voltammetry
at 5 mV s~' was performed for capacitors operating with the
selected electrolytes (Fig. G).

The highest capacitance value was recorded for the capacitor
operating with the highest CsF concentration. However, one cannot
neglect the remarkable current peak for the capacitor operating
with the 15.1 mol L~ electrolyte, which was most likely due to the
residual water decomposition. Nevertheless, a current peak at a
voltage of 2.0 V is also observed for the capacitor operating with a
CsF concentration of 6.3 mol L™

To verify the CV results, the capacitance values were also
determined by the constant current technique at various current
regimes (0.2, 0.5, 1.0, 2.0, 5.0, 10.0 and 20 A g~') (Fig. 6B). In this
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case, as in the CV analysis, the capacitance of the capacitor is higher
at higher electrolyte concentrations.

Interestingly, for the system operating with 15.1 mol L™! elec-
trolyte, there is a limit value for the applicable current density, i.e.,
5Ag~'; for higher current loads, the capacitance recorded is lower
than that for the system with 6.3 mol L™! electrolyte. This effect
most likely results from the current regime, which does not allow
the rapid redistribution of ions in the pore structure of the elec-
trode material and comes from the high viscosity and reduced
mobility.

More in-depth information about the system performance was
obtained during investigations made in three-electrode configu-
ration. During this experiment, the cell voltage was imposed and
monitored by treating the system as a regular two-electrode cell. As
the cell was equipped with a third, pseudo-reference electrode (Pt
wire), it was possible to record the performance of each electrode
separately.

Pt wire was used to avoid the dilution of highly concentrated
electrolyte by the reference electrode body.

The terminal potentials of the capacitor electrodes were also
monitored during the galvanostatic charge/discharge experiment,
which was performed at various cut-off voltages (Fig. 7).
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As shown in Fig. 7, the differences in terminal potential are
negligible for all electrolyte concentrations. The only difference is a
variation in rest potential E(0) for the capacitor operating with
15.1 mol L™ CsF solution. The difference in E(0) values at capacitor
max. voltages of 1.0 V and 2.0 V is ca. 300 mV, which is a significant
difference when compared to the E(0) values for the 1.0 mol L~" and
6.3 mol L™ electrolytes.

To investigate the capacitive performance of the individual
electrodes, cyclic voltammetry profiles were recorded within
designated potential ranges (Fig. 8).

At first glance, the only difference is the limited potential range
of the negative electrode (i.e., 0.7 V, from —0.50 to —1.20 V vs. Pt)
compared to the potential range of the positive electrode, (i.e.,
1.05 V, from —0.50 to 0.55 V vs. Pt) for the system operating with
6.3 mol L' CsF.

Given this result, it is clear that the voltage window does not
increase linearly with the increase in electrolyte salt concentration,
as was initially expected. In the case of the systems with electro-
lytes at concentrations of 1.0 and 15.1 mol L™, the positive elec-
trode reaches the limiting potential (OEP) faster for the same
capacitor voltage.

Consequently, the effect of an increased concentration of salt in
the electrolyte on the voltage (U = 1.8 V), and thus on the energy of
the system, was negligible, as presented in Fig. 9.

Definitely, the ECs are to find widespread use in sustainable
transport based on hybrid electric vehicles (HEVs) [22,68,69]. The
ECs as stand-alone devices do not fulfil energy requirements for
power support in HEV. For instance, electrochemical energy storage
systems stated by the U.S. Advanced Battery Consortium (USABC)
and the U.S. Department of Energy (DOE) are expected to provide
620 W kg~ of power for 10 s for over 3x10° shallow cycles and
7.5 Wh-kg ™! of total available energy. These requirements should
concern the device operating in the range —30 °C - 60 °C. It has to
be stated that Li-ion batteries fulfil given requirements, however,
there are still serious concerns regarding their reliability and safety.
The main disadvantage is their low tolerance to such aggressive
conditions as overcharging and exposure to high temperatures.
EDLC have a much higher safety level. Their efficiency is also much
higher (>90%). The specific energy for commercially available ECs
reaches only 0.1-5 Wh-kg ™! for mild current regimes (i.e. at low
power densities) and at temperatures near 25 °C and for some
systems exploiting pseudocapacitive effects it might even reach
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18 Wh-kg~! at similar power. Of course, at moderate and high
power rates, the specific energy decreases rapidly, essentially above
1 kW kg~ It must be also said again here that the commercial
capacitors normally operate with organic (aprotic) electrolytes that
allows the operating voltage of 2.85 V to be reached. Higher volt-
ages might be achieved for hybrid systems, like Li-ion capacitors
(LiC), demonstrating specific energy at the level of 50 Wh-kg ™! at
the specific power up to 1 kW kg~ '. Detailed metrics might be
found at the websites of the respective manufacturers.

The solution proposed in the manuscript belongs to the category
of ECs with water-based solvent, thus, of limited specific energy.
Nonetheless, the systems presented maintain a specific energy
above 10 Wh-kg ! at a specific power of up to 1 kW kg~ .. As might
be expected, the difference in specific energy values is rather
minimal for different electrolyte concentrations.

Although the energy and power of the investigated systems
were not improved remarkably, other aspects of electrochemical
capacitor operation were also investigated.

First, the self-discharge process was monitored. For this pur-
pose, the capacitors were charged with a current density of 1A g,
and then the system was maintained at a certain voltage for 2 h.
After this time, the circuit was opened, and the system was sub-
jected to self-discharge for 6 h (Fig. 10).

The slowest self-discharge is demonstrated by the system with
15.1 mol L~ CsF. For a capacitor cut-off voltage of 1.0 V, this profile
is comparable with that of the cell containing electrolyte at a
concentration of 6.3 mol L. The fastest self-discharge at all cut-off
voltages is observed for the cell operating with 1.0 mol L~ ! CsF. The
cell with an electrolyte concentration of 6.3 mol L™! has a self-
discharge profile very similar to that of the cell with 1.0 mol L™!
electrolyte at voltages exceeding 1.2 V. Furthermore, the self-
discharge rate is the fastest during the first 2 h of the measure-
ment, and the initial rate increases with the applied voltage.

It is assumed that the limited self-discharge for highly concen-
trated electrolytes originates from the high viscosity of the elec-
trolyte and reduced ion mobility, which prevent ion re-distribution
and self-driven migration to the electrolyte bulk.

A positive effect of increased electrolyte concentrations was
noted in the charging discharging efficiency (called here “charge
imbalance”). The charge considered “lost” could have been used, for
instance, for the decomposition of residual water. To determine the
differences in the charge and discharge processes, cyclic voltam-
metry and constant current techniques were used (Fig. 11). The
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Fig. 10. Voltage drop during the self-discharge process of an electrochemical capacitor operating with 1.0, 6.3 and 15.1 mol L' CsF electrolyte.
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18 Wh-kg~' at similar power. Of course, at moderate and high
power rates, the specific energy decreases rapidly, essentially above
1 kW kg~ It must be also said again here that the commercial
capacitors normally operate with organic (aprotic) electrolytes that
allows the operating voltage of 2.85 V to be reached. Higher volt-
ages might be achieved for hybrid systems, like Li-ion capacitors
(LiC), demonstrating specific energy at the level of 50 Wh-kg ™! at
the specific power up to 1 kW kg™’ Detailed metrics might be
found at the websites of the respective manufacturers.

The solution proposed in the manuscript belongs to the category
of ECs with water-based solvent, thus, of limited specific energy.
Nonetheless, the systems presented maintain a specific energy
above 10 Wh-kg ! at a specific power of up to 1 kW kg~ .. As might
be expected, the difference in specific energy values is rather
minimal for different electrolyte concentrations.

Although the energy and power of the investigated systems
were not improved remarkably, other aspects of electrochemical
capacitor operation were also investigated.

First, the self-discharge process was monitored. For this pur-
pose, the capacitors were charged with a current density of 1 Ag',
and then the system was maintained at a certain voltage for 2 h.
After this time, the circuit was opened, and the system was sub-
jected to self-discharge for 6 h (Fig. 10).

The slowest self-discharge is demonstrated by the system with
15.1 mol L~ CsF. For a capacitor cut-off voltage of 1.0 V, this profile
is comparable with that of the cell containing electrolyte at a
concentration of 6.3 mol L. The fastest self-discharge at all cut-off
voltages is observed for the cell operating with 1.0 mol L' CsF. The
cell with an electrolyte concentration of 6.3 mol L~! has a self-
discharge profile very similar to that of the cell with 1.0 mol L™!
electrolyte at voltages exceeding 1.2 V. Furthermore, the self-
discharge rate is the fastest during the first 2 h of the measure-
ment, and the initial rate increases with the applied voltage.

It is assumed that the limited self-discharge for highly concen-
trated electrolytes originates from the high viscosity of the elec-
trolyte and reduced ion mobility, which prevent ion re-distribution
and self-driven migration to the electrolyte bulk.

A positive effect of increased electrolyte concentrations was
noted in the charging discharging efficiency (called here “charge
imbalance”). The charge considered “lost” could have been used, for
instance, for the decomposition of residual water. To determine the
differences in the charge and discharge processes, cyclic voltam-
metry and constant current techniques were used (Fig. 11). The

—— 1.0 mol-L" —— 6.3 molL"' ——15.1 mol-L"

24

22

20

18

16

14

12

Cell voltage, V

1.0

0.8

0.6

0.4

0.2

0.0 4~ . —— — —
01234560123456012345601234560123456012345¢6
Self-discharge time, h

Fig. 10. Voltage drop during the self-discharge process of an electrochemical capacitor operating with 1.0, 6.3 and 15.1 mol L~ CsF electrolyte.
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differences in the obtained absolute values result from the different
current regimes used during the tests.

Both techniques reflect a decrease in the loss of charge with
increasing electrolyte concentration. For the constant current
technique, there is a remarkable difference between the perfor-
mance of the cells with 1.0 mol L~! electrolyte and other concen-
trations. In the case of 1.0 V, the difference is 90%; at a capacitor
voltage of 2.0 V, the difference is still 75%. The coulombic loss
(considered as the difference in the charge provided/received)
values for 6.3 and 15.1 mol L~ are similar in the whole voltage
range.

Since it has been claimed that highly concentrated electrolytes
should prevent either hydrogen or oxygen evolution, some quan-
titative insight might be necessary in order to determine the charge
necessary to decompose water in each cell. The corresponding
values are summarized in Table 1.

The calculations are based on the 1st Faraday law, and water
electrolysis is assumed to be described by the following equation:
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Fig. 11. Charge imbalance between charging and discharge determined using cyclic
voltammetry (A) and constant current load (B) techniques.

2Hy0 < 2Hp + O; + 4e” (2)

Thus, the theoretical charges needed to decompose all water in
the cell are 2088C, 1721 C and 895 C for CsF concentrations of 1.0,
6.3 and 15.1 mol L™}, respectively. Taking into account the total
charge accumulated in the cells (Fig. 12), these values are simply
enormous.

The calculations performed for the “worst-case scenario” do not
include the solvation effect, and all water molecules are assumed to
be decomposed. Most likely, this is not the case, as several ion-
solvent, ion-ion and solvent-solvent interactions must be taken
into account. For a more accurate approximation, the hydration
numbers for Cs and F were considered. Based on the literature data,
it was assumed that the hydration clusters for Cs* and F~ include 4
water molecules per single ion: Cs(OH;)4 and F(OH,)3 [70—75]. Of
course, these numbers will most likely change with salt concen-
tration (it has been claimed that the values might be as high as 8),
but it is assumed that they will not be lower than 4.

In this case, the amount of free residual water changes
dramatically. For 1 mol-L~! CsF, 1779 C is still necessary to
decompose the water in the cell. However, for higher concentra-
tions, it seems that all of the water is “trapped” by the ions. This will
result either in a high overpotential for water decomposition or at
least high concentration-related polarization above the water
decomposition voltage. Taking into account the galvanostatic pro-
files, the latter option seems to be the case.

One could remark that the hydration effect (even if the numbers
assumed are over-/underestimated) has a remarkable impact on
the electrolyte conductivity and viscosity (Fig. 3A and B). Once the
concentration of “free” water approaches 0, the conductivity de-
creases, and the viscosity increases. From the rough calculations
presented above, it might be concluded that the water is fully
consumed for hydration at a CsF concentration of 5.5 mol L™, if the
assumed hydration numbers are correct. Taking into account the
inflection points on the viscosity and conductivity vs. CsF concen-
tration profiles, these values might not be far from the real ones.

To verify the character of the charge storage mechanisms at
elevated voltages during quasi-steady state conditions, a poten-
tiodynamic protocol resembling the step potential electrochemical
spectroscopy (SPES) technique was applied [76]. The test was per-
formed for the cell with concentrated CsF electrolyte (15.1 mol L™1).
The imposed voltage step was 0.01 V, and the voltage holding time
was 30 s. The results are shown in Fig. 13. During the voltage
holding step, the leakage current was measured, and the results
were then integrated for charge calculation.

The charge profile in Fig. 13 suggests that the charging process
occurs via several steps. [nitially (until a cell voltage of 0.85 V), the
charge consumed is small, which suggests that the capacitance is
not high and that the electrode is not well soaked with the viscous
electrolyte. Then, the profile changes (capacitance increases) and
remains almost linear until the maximum capacitor voltage is
reached. However, a small profile change was identified numeri-
cally (derivative) at a capacitor voltage of 1.5 V. This suggests that
the mechanism is changed but capacitive storage still dominates.
After the voltage is reached and the polarization changes, the
profile is substantially different, suggesting that the charging pro-
cess causes ions to penetrate the pores; during discharge, a number
of ions are most likely trapped in the electrode pores and cannot be
recovered. Additionally, some of the charge above 15 V is
consumed for residual water decomposition. Of course, carbon
oxidation and overall surface redox activity cannot be neglected.

Finally, the capacitor lifetime was evaluated using the galvano-
static cycling protocol at a current density of 1 A g~'. The experi-
mental cut-off value was 80% of the initial capacitance. The initial
capacitance (100%) was calculated after 500 initial cycles, which
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Table 1
Data necessary to determine the charge required for water decomposition in the cells.
Molar concentration of the electrolyte, mol L 1.0 6.3 15.1
Density of solution, g L' 1125 1759 2711
Mass of CsF in 1000 cm? of solution, g 151 957 2293
Mass of water in 1000 cm? of solution, g 973 802 417
Volume of electrolyte in the cell, uL 200
Mass of electrolyte in the cell, g 0.225 0.352 0.542
Mass of water in 200 pL of electrolyte, g 0.195 0.161 0.084
No. of electrons exchanged 4
Molar mass of water, g mol ! 18
Molar mass of CsF, g mol ' 152
Faraday constant, C mol ™" 96 500
Mass of working electrode, mg 9.1
Mole fraction of water in solution 0.982 0.876 0.605
Mass fraction of water in solution 0.865 0.456 0.154
Charge needed to decompose water, C 2088 1721 895
Re-calculations for hydrated CsF structures, Cs(OH)§ and F(OH;);
Water molar concentration, mol-L ™' 54 44 23
Water molecules for CsF hydration, mol-L™" 8 50 120
Residual water in 200 pL of electrolyte, g 0.166 0(-0.023) 0(-0.349)
Charge needed to decompose water, C 1779 0 0
1.0 12 1.4 1.6 1.8 2.0 were performed for system conditioning.
1.4 . L — L . L yaY 1.4 Based on the obtained results, one can conclude that poor cycle
o 1.0molL life might be a disadvantage of capacitors operating with highly
124 © 6.3 mol-L"! L1.2 concentrated electrolytes (Fig. 14). The cell with 1.0 mol L' elec-
A 15.1 mol-L™ trolyte, despite the relatively high voltage rating (as for an aqueous
©1.04 1.0 electrolyte), allows more than 10 000 charge/discharge cycles to be
5 . : performed.
e Unfortunately, the situation is less optimistic for the cells with
'g 0.8+ -0.8 higher electrolyte concentrations. The cells with electrolyte con-
[ centrations of 6.3 and 15.1 mol L™ reach a critical capacitance value
20.6+ A 0.6 after 6000 cycles. Both systems demonstrate a similar profile of
E & capacitance drop with cycle number.
© 0.4 0.4
4. Conclusions
0.2 1 0.2
It has been observed that highly concentrated electrolytes are
0.0 ! : ! ) ! ! 0.0 characterized by poor wettability towards carbon electrodes and
1.0 1.2 14 1.6 18 2.0
Cell voltage, V
Fig. 12. Charge accumulated in cells operating with various concentrations of CsF salt. 160 0 20%0 4000 000 8000 10009
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demonstrate high surface tension. Thus, the selection of a suitable
carbon material seems to be crucial in order to benefit from their
properties. However, the correlation between the microtextural
properties of the carbon, electrolyte viscoelastic properties and
capacitor performance remains unclear.

The application of highly concentrated CsF solutions allows
competitive capacitance values to be obtained. However, the
maximum voltage and energy improvements are rather negligible.
It has been observed that the electrolytic solution with the highest
conductivity not necessarily ensures the highest system capaci-
tance. The literature mainly reports on the electrolytes based on
LiTFSI salt; it seems to be a reasonable choice as the limited amount
of available water most likely impacts the solvation energy. How-
ever, for salts such as CsF, this might not be the case. This is most
likely related to the interactions between solvated ions and water
dipoles. In CsF based electrolyte, a decrease in water concentration
does not translate directly into an increase in solvation energy.

The positive effect of increased salt concentration in this study is
envisaged in reduced self-discharge. Limiting the water content
improved also charge/discharge efficiency at higher capacitor
voltages. The capacitance decay during cycling is much faster for
concentrated solutions.

Finally, the concept of “water-in-salt” electrolytes in capacitor
applications seems to be a promising approach. It turns out that in
the case of CsF, the interactions between the ions and surrounding
water are still too weak to shift the potential of water decomposi-
tion towards higher values. However, this feature does not exclude
“water-in-salt” or highly concentrated electrolytes from applica-
tions due to the other positive aspects they provide — reduced self-
discharge, higher capacitance values and improved charge
discharge efficiency. Furthermore, it seems that an increased vis-
cosity of the electrolyte suppresses the leakage current and the
amount of gas generated during the operation of electrochemical
capacitors.
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Motivation

The literature reports that the increase in electrolyte viscosity usually
reduces the overall EC efficiency (energy, capacitance, increase resistance)
[201]. It is mainly assigned to hindered mobility of ions in a conductive medium,
which is associated with low conductivity [162, 166, 202-204]. The formation
of an EDL at the electrode/electrolyte interface, is not fast enough during
repeated charging/discharging processes. The literature is lacking reliable data
that confirm the reflection of the behaviour in aqueous electrolytes. Each time
the authors emphasize the negative effect of increased viscosity, whereas

the positive aspects of such electrolytes are usually omitted. Our work aims to

verify this popular approach in terms of the use of highly viscous electrolytes
in ECs.
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Summary

In  Article A3 - ‘Peculiar role of the electrolyte viscosity
in the electrochemical capacitor performance’ the influence of increased aqueous
electrolyte viscosity on EC performance was determined. Sodium
carboxymethylcellulose (CMC) was added 1 mol L™ lithium sulfate to increase
its viscosity. One of the main conclusions to be highlighted is that the electrolyte
viscosity itself does not significantly limit the mobility of ions (conductivity).
However, the exchange of ions in viscous electrolytes in porous materials
can be difficult. This may be related to insufficient pore penetration
and deterioration in EC performance. Therefore, a system conditioning
is recommended. This solution should increase the electrode wettability
and device efficiency. Electrowetting depends on the polarization magnitude.
Viscosity does not necessarily reduce energy and power. The effect of viscosity
has been found to be complex. It depends greatly on the texture/structure
of the carbon electrode properties and the availability of pores. Moreover,
the viscosity does not affect the long-term stability, regardless of the porosity of
the electrode material. Viscosity has a marginal effect on the potential window
and does not affect the efficiency of the hydrogen sorption/desorption process.
The self-discharge limitation in microporous materials is slight. In mesoporous
materials, a significant reduction in self-discharge has been observed by limiting
the delocalization of the charge in the EDL. The application of viscous electrolytes
has been found to be beneficial in reducing leakage current and internal gas
evolution. The results obtained may be of interest not only for aqueous
electrolytes but also for ILs. Finally, these results give rise to being more sceptical
of the general statement that viscosity itself is not a limiting factor for EC

performance.
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This paper reports on the electrochemical performance of symmetric carbon/carbon electrochemical
capacitors operating in an aqueous electrolyte (1 mol L™ Li,SO,4 solution) whose viscosity is modified by
various amounts of carboxymethyl cellulose additive. The literature states that increased electrolyte
viscosity usually decreases the overall capacitor performance. However, it has been found that the
influence of this parameter is complex and depends significantly on the carbon electrode texture/
structure properties. Fortunately, the application of viscous electrolytes is found to be beneficial in terms
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of reduced leakage current and internal gas evolution (by approximately 50%). Furthermore, the

examination of differently structured carbons showed that in materials with well-designed micro-/
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1. Introduction

Energy generation and consumption are currently among the
most important economic and social considerations, especially
in highly developed countries. The demand for energy is
increasing continuously, which requires the search for new,
alternative and highly efficient energy sources.' The generated
energy is also inherently associated with the necessity of
storage. Energy storage devices can have the form of bulky,
large, stationary units but can also be a component of small,
portable devices for everyday use, such as laptops, mobile
phones, and cameras.

The solutions currently proposed for high-energy-storage
devices such as electrochemical cells, fuel cells, and redox
flow batteries suffer from limited power output, resulting
mostly from sluggish redox reaction kinetics. To overcome this
limitation, one can consider electrochemical capacitors (EC),
which are characterized by high power performance and long
lifetimes, originating from their double-layer charge storage
mechanisms.>* One way to benefit from both types of these
devices is to merge them in the form of a hybrid system to
incorporate both energy and power properties. However, such
an approach significantly increases the cost of the final energy
storage station. The other approach is to develop capacitors
with energy approaching that of batteries while maintaining
fast charge/discharge kinetics. To reach this goal, much work
has been devoted to the development of the two primary EC
components, namely, the electrode materials and electrolytes.
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mesoporous interconnectivity, it is possible to retain high power and energy performance even for
devices with 104-fold increased viscosity.

In recent years, research on electrode materials has been
focused on the development of new materials with high surface
porosity. In particular, most of the research has been devoted to
the study of porous and layered materials such as activated
carbons,>*®” graphene,® carbon nanotubes,”'® carbon nano-
onions,"** and recently, MXenes as electrode materials.”***
Nevertheless, activated carbons are still most widely used in
commercial devices due to their well-developed specific
surfaces, reaching 2500 m”> g~ '; high accessibility; and low
production costs.*

Simultaneously, a considerable amount of research has
focused on electrolyte development, as their properties ulti-
mately determine the maximum operating voltage of ECs.'**
Currently, in commercial devices, organic-based electrolytes are
the most widely used. They are characterized by wide electro-
chemical stability up to 3 V and the ability to operate within
a broad temperature range of —40 °C to 60 °C. However, their
main disadvantages are high volatility and flammability, high
cost, sensitivity to moisture, and low conductivity.****

In recent years, the increase in environmental protection
awareness has forced researchers to seek new electrolyte
compositions. To meet the environmental friendliness
demands, two types of electrolytes are of interest: water-based
formulations and ionic liquids. Due to good electrochemical
properties, excellent power ratings, and low cost, interest in
aqueous-based solutions is still increasing. The main disad-
vantage of aqueous ECs, especially those based on acidic or
alkaline electrolytes, is a narrow operating voltage window
limited by thermodynamic water stability (in principle,
1.23 V). However, the practical maximum voltage of the
devices based on this type of electrolyte can be increased by
adjusting the physicochemical properties. Modification of the
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electrolyte (pH or conductivity) and/or surface chemistry of
activated carbons (AC) is a way to affect the evolution potential
of di-hydrogen and/or oxidation of the electrode. It results in
increased voltage.* In some cases, it is possible to achieve
a voltage of up to 1.8 V.>**>' However, the latest research on
“water-in-salt” electrolytes shows that even more than 2 V can
be achieved for very concentrated electrolytes.>>*

The third group of electrolytes is ionic liquids; their advan-
tages include the possibility of reaching high voltages, up to
4 V;¥7! non-flammability; and environmental friendliness.
However, their high production cost and poor conductivity limit
their application ability in high-power devices.

According to many authors, the ideal electrolyte should be
characterized by a wide potential window, low resistance, low
viscosity, non-flammability, high electrochemical stability, and
environmental friendliness.” In the literature, one can find that
high viscosity hinders the mobility of ions in a conductive
medium, which is associated with low conductivity.***” The
diffusion of ions through an electrolyte, leading to the forma-
tion of an electric double layer at the electrode/electrolyte
interface, is not fast enough during repeated charging/
discharging processes, which reduces the EC power and, ulti-
mately, the efficiency. Thus, the transport properties of the
electrolyte, such as low ion conductivity and high viscosity,
negatively affect the device performance.*® The authors also
report reduced device power and increased resistance while
using such an electrolyte. Among the disadvantages, there is
also poor wettability of the electrodes and poor pore penetration
ability of the strongly developed electrode surface. Poor wetta-
bility reduces the effective use of the highly developed specific
surface area of the carbon material. It has been shown that the
low viscosity of water electrolytes enables easy diffusion of ions
into pores with diameters less than 1 nm. Additionally, the
presence of oxygen/nitrogen functional groups on the surface of
the carbon in combination with the aqueous electrolyte
increases the capacitive performance of the device by modifying
the electronic structure of the carbon electrode.*

The viscosity of electrolytes of organic origin is similar to or
even lower than that of aqueous electrolytes. However, their
conductivity is limited, e.g., 1 mol L' TEA™ BF, in acetonitrile
56 mS cm ', 1 mol L' LiPFg in acetonitrile, 50 mS ecm*,
1 mol L' LiTFSI in acetonitrile 36 mS em~*,* 1 mol L™, and
LiPFg in EC : DMC 10 mS em ™.

For some solvents, such as ethylene carbonate (EC), where
the melting point is slightly above ambient temperature (35 and
38 °C), dimethyl carbonate (DMC), ethyl methyl carbonate
(EMC), methyl butyrate (MB), or ethyl butyrate (EB) is added to
decrease the viscosity, which simultaneously improves the
melting temperature and electrolyte temperature stability.
However, due to the increase in the equivalent cell series
resistance (ESR), the power density deteriorates.*"** It has been
shown that the range of EC working temperatures can be
expanded without sacrificing conductivity and viscosity when
using the eutectic IL mixture.****

Self-discharge is an unavoidable problem for ECs that causes
loss of voltage and stored energy.**** Due to self-discharge, the
widespread use of electrochemical capacitors as long-term
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backup energy devices is severely limited. It is accepted that
charged ECs are in a high energy state and that the Gibbs free
energy is a driving force that induces (mostly) self-discharge.
There are three main processes responsible for self-discharge:
spontaneous charge diffusion and its redistribution,"* fara-
daic reactions®** and so-called ohmic leakage.” Charge redis-
tribution is caused by the movement or loss of charged ions
adsorbed on the electrode due to their concentration gradient.*
Faradaic reactions concern the oxidation or reduction of redox
species on the surface of the electrode. Ohmic leakage occurs
due to the internal ohmic leakage pathways between electrodes.
All these processes will lead to a reduction in voltage and a loss
of stored energy of the charged device. Several solutions to this
problem have been proposed, including the formation of an
insulating layer on the electrode by depositing a thin film of
poly(p-phenylene oxide).”* Another method is to use an ion-
exchange membrane for active redox® or addition of surfac-
tants to the electrolyte.> Due to the long alkyl chain, surfactants
adsorbed on the surface of the electrode should serve as
a micro-insulator and hinder the flow of discharge current. The
method proposed by Xia M. et al. turned out to be a very effective
solution.”> They proposed the use of increased electrolyte
viscosity in the electrode vicinity. The nematic phase of the 4-N-
pentyl-4’-cyanobiphenyl liquid crystal was used for this purpose
as an addition to the primary electrolyte. When the EC is
charged, the electric field in the double layer near the surfaces
of the electrodes induces alignment of the additive particles,
resulting in a significantly increased viscosity of the fluid by
means of an electrorheological effect. As a result, the diffusion
of ions and redox compounds in the electrolyte may be
hindered; however, the rate of self-discharge may be reduced.
The simulation results confirmed the reduced contribution of
both ion diffusion and faradaic reaction to self-discharge. With
this solution, the charge efficiency which was obtained was
much higher than that of the electric double-layer capacitor
(EDLC) without additive.

The authors each time stress the negative effect of increased
viscosity, but the positive aspects of such electrolytes are usually
neglected.

Our work aims to verify this popular approach in terms of the
use of highly viscous electrolytes in electrochemical capacitors.
For this purpose, the aqueous 1 mol L™" Li,SO, electrolyte was
modified by the addition of the carboxymethyl cellulose (CMC)
additive, which allows strict control of the solution viscosity.
The obtained result provides new insights into the problem of
electrolyte viscosity and shows that viscosity itself is not the
limiting parameter.

2. Experimental section
2.1 Electrolytes

An aqueous solution of 1 mol L™" Li,SO, was prepared by dis-
solving the appropriate mass of Li,SO, salt (purity - 99%,
Sigma-Aldrich®) in deionized water. Sodium carboxymethyl-
cellulose (CMC) (substitution degree, 1.2; Sigma-Aldrich®) and
guar gum (GG) (Sigma-Aldrich®) were selected as viscosity-
adjusting agents. The modified electrolytes were prepared by
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dissolving the relevant mass of CMC (1, 3, 5, and 7 wt%) and GG
(1, 2, 3 wt%) in 1 mol L™ " Li,SO, prepared before. The additives
were intended to increase the viscosity only, not to become
a source of additional redox activity in the system. Conductivity
measurements were performed using a conductometer (Mettler
Toledo®), and the final conductivity was the average of three
measurements. The viscosity of the electrolytes was examined
by a Brookfield® DV2T viscometer.

2.2 Electrodes

Carbon electrodes were prepared by the wet method. Three types
of carbon materials were used in the research as
electrode materials: pristine mesoporous Norit® SX2 (SX2n-A)
(897 m*> g'), microporous AC Kuraray® YP-80F (YP-80F)
(1717 m? ¢™') and KOH-activated Norit® SX2 (SX2A) (1833 m”
¢~ "). The electrodes were prepared by 24 h of mechanical mixing
of the AC powders with a 60% polytetrafluoroethylene (PTFE)
solution in a ratio of 95 : 5 (AC : PTFE) immersed in isopropanol
until homogeneity was achieved. The homogenized material was
formed into rectangular sheets, calendered to produce a 200 pm
thick film and dried for 12 h at 70 °C. The specific surface area,
pore volume and pore distribution of individual carbonaceous
materials were determined by nitrogen adsorption at 77 K with
an ASAP 2460 sorptiometer (Micromeritics®, USA). For compar-
ative purposes, the physio-chemical properties of microporous
YP-50F were measured and are presented.

2.3 Electrochemical investigation

Electrochemical measurements were performed in a symmetric,
two-electrode Swagelok® cell and verified in a three-electrode
setup. Two types of three-electrode cells were used: an SVC-3
Biologic® volume cell with two glassy carbon electrodes
serving as the working and counter electrodes and a custom-
made three-electrode cell with a platinum mesh serving as the
counter electrode. In both cases, the Hg/Hg,SO, reference
electrode was used to monitor the potential of the electrodes.
The electrodes were immersed in electrolyte for 1 h prior to the
measurement and separated by a Whatman GF/A porous
membrane. Long-term cycling tests were performed with
application of galvanostatic charge/discharge technique at
current density of 1 A g~* for 10 000 cycles. The 12-hour self-
discharge measurement was performed after system has been
charged to the voltages of 1V, 1.2V, 1.4 Vand 1.6 V, followed by
the voltage hold for 2 hours. All current and capacitance values
are expressed per mass of one electrode. All measurements were
conducted with a computer-controlled multichannel
potentiostat/galvanostat (VMP3, Biologic®, France).

2.4 Internal pressure measurements

The gas generation rate was measured for a symmetric carbon/
carbon system in a customized cell connected to the pressure
sensor (Keller®, Switzerland). To maintain controlled condi-
tions, the cell was placed in a thermostatic chamber at 30 °C
and stabilized for 6 h before the experiment. The internal
pressure build-up was measured during 2 h of constant voltage
at cell voltages of 1.0V, 1.2V, 1.4V, 1.6 V, and 1.8 V.
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2.5 Electrowetting/contact angle

The electrowetting measurements were performed with
a computer-controlled goniometer (Dataphysics® OCA). The
carbon samples in the form of pellets (diameter 10 mm) serving
as working electrodes were placed horizontally in front of the
contact angle camera and the platinum wire (counter electrode).
The circuit between the electrodes was closed by placing a 3 uL
electrolyte drop on the surface of the electrode material. During
the measurement, the subsequent electrodes were then polar-
ized for 6 minutes at a constant voltage. The electrochemical
characteristics were carried out with a computer-controlled
potentiostat/galvanostat SP-200 Biologic®, France.

3. Results and discussion

Fig. 1 presents the nitrogen adsorption isotherms and pore size
distributions of selected carbon materials: pristine SX2n-A,
SX2A, and YP-80F.
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Fig. 1 (a) Nitrogen adsorption/desorption isotherms at 77 K; (b)

cumulative surface area calculated with NL-DFT method and corre-
sponding pore size distributions; (c) pore volume and average pore
size ratio of micro- to mesoporosity for selected carbon materials.
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All of the examined materials are represented by type I
adsorption/desorption isotherms, which are characteristic of
microporous AC. However, for the SX2n-A and SX2A materials,
a clearly defined hysteresis loop characteristic for mesoporous
materials as well as an upward trend of adsorption is observed.
This might be explained by condensation of desorbed nitrogen
in the bulk of the mesopores. The shapes of both isotherms
are very similar; the only change is in the absolute
nitrogen adsorption volume, which is the result of a higher
specific surface area, i.e., 1833 m* g™ " in the case of SX2A and
897 m? g~ ' for SX2n-A. The YP-80F and YP-50F isotherm are
typical of microporous materials with an insignificant
adsorption/desorption hysteresis loop, and less pronounced
upward trend at higher relative pressures. These materials
display a high specific surface area of 1717 m* g~ ' and 1482 m?,
respectively. The comparison of cumulative surface area and
pore size distribution in Fig. 1b also confirm the different
porous character of selected carbons. One may observe that for
all materials the highest contribution to the total surface area
comes from micropores (<2 nm). Quick stabilization of the
curve, thus, no further surface increase is observed for micro-
porous carbons YP-80F and YP-50F even up to 3 nm pore width.
In the case of micro-mesoporous carbons, an additional
increase of the surface area is observed across the whole mes-
opores (2-50 nm) region. As shown by other authors, the
difference in pore distribution has a significant impact on the
mass transfer inside the electrode and final electrochemical
capacitor performance.*® Hence, in this work, the importance of
internal mesoporous channels on the performance of electro-
chemical capacitors in terms of viscous electrolytes will be
discussed. The presented PSD plots confirm the microporous
character of selected AC; moreover, the micropore/mesopore
volume ratio shows that SX2A and YP-80F and especially YP-
50F carbons are mostly microporous carbons. However, in
SX2n-A, most of the volume is the contribution of the meso-
pores. Nonetheless, the comparison of average pore size shows
that the SX2n-A carbon is characterized by the smallest micro-
pores size (0.7 nm) while in the case of other carbons it is
~1 nm. The YP-50F was used only as a comparison material to
expose the differences between microporous and micro-meso-
porous materials. In further work, we focus on the comparison
between YP-80F and SX2A, because of similar surface area
(considering both BET and DFT calculations).

To confirm the negligible impact of viscosity on the
conductivity of electrolytes, two gelling agents were used, CMC
and guar gum. The maximum polymer content in the electrolyte
was limited by the polymer solubility. The conductivity to
viscosity relation of the prepared electrolytes is presented in
Fig. 2.

It can be observed that even a small amount of gelling agents
has a significant influence on the electrolyte viscosity. The
addition of 7% CMC or 3% guar gum increases the viscosity by
100 000 times. However, even though such a notable change in
viscosity has a marginal effect on the conductivity of the elec-
trolyte, the loss is at a maximum of approximately 10%. Due to
the strong impact of even small amounts of GG on the elec-
trolyte viscosity, only CMC was applied as an additive for further
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Fig.2 The absolute change in conductivity with increasing viscosity of
the 1 mol L™ Li,SO4 electrolyte with guar gum and CMC additives.

research. Small addition enables better control of solution
properties.

The measured conductivity drop with increasing viscosity
might also be interesting for research on ionic liquid applica-
tions in EDLCs. In the research presented in the literature it is
frequently stated that viscosity is the limiting parameter of such
electrolytes. It has been shown that even slight changes in ionic
liquid viscosity have a significant impact on conductivity.*”**
However, the analysis of ionic liquid conductivity and viscosity
dependency is always shown as a function of temperature. To
avoid the influence of temperature on conductivity in the
present research, the temperature of the electrolyte is fixed, and
the change in viscosity is determined by the addition of low
conducting gelling agents.

Moreover, there is no clear dependence between the high
viscosity of specific ionic liquids and their low conductivity. One
may find that two different ionic liquids with different viscosi-
ties, eg, N-methyl-N-propylpyrrolidinium dicyanamide
(Pyr13DCA) (27 mPa s) and 1-ethyl-3-methylimidazolium bis(-
fluorosulfonyl)imide (EMIFSI) (17.9 mPa s), are characterized by
very similar conductivities of 15.7 and 15.5 mS em™ ", respec-
tively.®®** This might show that the viscosity is not the only
parameter influencing the electrolyte conductivity. The obser-
vation of the interaction between the electrode and electrolyte
under polarization was performed by the electrowetting exper-
iment with the use of a contact angle apparatus. The
measurement of the electrolyte volume change and contact
angle was conducted under constant voltage polarization for 6
minutes. For comparison, a reference measurement of the
sample without polarization was performed. This experiment
was performed only for the electrode composed of SX2A carbon.
The droplets were dispensed by an automatically controlled
syringe of the volume of 3 pL. The results are presented in Fig. 3.

As expected, the carbon electrode shows hydrophobic prop-
erties. After placing the electrolyte droplet without polarization,
the measured contact angle was approximately 134° for both
1 mol L pure Li,SO, and Li,SO, with 3% CMC. The electrolyte
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Fig.3 Dynamic contact angle measurements of pristine and modified
1 mol L™* Li,SO, electrolyte droplet adsorption on nonpolarized and
polarized SX2A electrodes.

with 7% CMC had a contact angle of 125.5° (white background).
For the non-modified electrolyte, the contact angle did not
change during 6 minutes. However, the addition of CMC to the
electrolyte significantly increased the electrolyte affinity to the
carbon, as observed by a significant change in the contact angle
over time; for the 3% additive, it decreased from 134.0° to
115.4°, and for the 7% CMC, it decreased from 125.4° to 118.5°.
Additionally, the change in the droplet volume suggests spon-
taneous wetting of the carbon material. The application of
potential has a significant influence on electrolyte behaviour.
The cathodic polarization of non-modified 1 mol L™ Li,SO,
induces gradual wetting of the electrode, as observed both by
a change in the contact angle and a decrease in the electrolyte
volume. However, the effect of electrolyte modified by the
addition of CMC on cathodic polarization is somewhat
different, and repulsion of the electrolyte is observed. The
behaviour of the electrolyte at a polarization of —1 V might be
explained by an ion exchange equilibrium. One may agree that
at the interface of the electrolyte and electrode, part of the
electrode is spontaneously wetted by the adsorbed electrolyte
with a mixture of ions. When cathodic polarization is applied,
cations move deeper into the pores of the materials and
exchange with previously adsorbed anions. Due to increased
viscosity, ion exchange is hindered, and a higher force needs to
be applied to exchange them. The change in contact angle
suggests similar changes in the affinity of electrolytes towards
the electrode. Moreover, one must consider the increased
viscosity and surface tension (@ 100 mN m ') of electrolytes,
making it more difficult to penetrate the electrode porous
structure. The aforementioned consideration is more
pronounced after increasing the cathodic polarization to —2 V.
For electrolytes with 3% CMC, a stronger driving force results in
faster wetting of the electrode. It is observed that both the
contact angle and electrolyte droplet volume decrease. In the
case of the electrolyte with 7% CMC, the repulsion effect is
observed even when —2 V is applied.

The situation changes significantly for anodic polarization;
for non-modified 1 mol L™ Li,SO, polarized at 1 V, no
remarkable electrode wetting is observed. The contact angle
changes negligibly, and the adsorbed volume is marginal. Such
a behaviour is explained by the low affinity of anions towards
carbon electrodes and low pore penetration ability, as observed
by dilatometry experiments.®® However, the situation changes
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when a voltage of 2 V is applied; a significant change in droplet
volume accompanied by a decrease in the contact angle is
observed. For 0% and 3% CMC additive, the contact angle
changes similarly, and the adsorbed volume is comparable. The
only difference is the intensity of the process. However, when
7% CMC is added to the electrolyte, no wetting is observed. For
1V polarization, there is an insignificant change in the contact
angle, and no visible decrease in droplet volume. Even the
application of 2 V does not induce penetration of the electrolyte
into the electrode pores, despite the decrease in the contact
angle from 133.1° to 108.8°. The behaviour of the electrolyte
with 3% and 7% CMC additive under anodic polarization
confirms the aforementioned consideration regarding the
hindered ion exchange in the pores of the material. This shows
that in the case of viscous electrolytes, the wetting of the elec-
trode is strictly connected to the applied polarization, viscosity,
and surface tension.
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Fig. 4 Potential window determination by LSV in a 3-electrode cell
configuration: (a) pristine 1 mol L™ Li,SO4 on glassy carbon, (b)
1 mol L™ Li;SO4 with 7% CMC additive on glassy carbon, (c)
comparison of potential limitation on different electrode materials.
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The electrochemical stability of modified and non-modified
electrolytes was determined by linear sweep voltammetry (LSV)
on a glassy carbon electrode. The voltammograms of pure
1 mol L™" Li,SO, and a sample with the addition of 7% CMC are
shown in Fig. 4a and b.

The maximum electrochemical window of the examined
electrolytes was determined by significant current changes
related to hydrogen and oxygen evolution. It can be observed
that the addition of CMC does not introduce additional redox
activity, and the LSV plot is typical for charge/discharge of the
electrical double layer. The disturbance observed for a scan at
100 mV s~ ' relates to the reduction and oxidation of hydrogen
accumulated at the electrode/electrolyte interface. The limited
diffusion of species in the modified electrolytes causes gas
accumulation at the electrode surface. A comparison of the
hydrogen/oxygen evolution potentials and theoretical
maximum voltage shows no influence of CMC on these
parameters. For the pristine electrolyte, the maximum voltage
was 3.95 V, and for the modified electrolyte, it was 3.99 V. The
abnormal values of the stability window exceed the thermody-
namic correct value of 1.23 V because of the cell construction,
where the overpotential, planar electrode, and excess electrolyte
increase the overall result. Nevertheless, this method is ideal to
observe the influence of electrolyte and electrode parameters on
theoretical electrochemical stability. No significant differences
are observed, regardless of whether CMC is present in the
solution. However, in the case of the porous carbon electrodes,
the influence of the CMC is more pronounced.

Fig. 4c presents a comparison of the maximum potential
limitations of carbon electrodes estimated by the LSV method.
In the case of typical mesoporous materials, SX2n-A and SX2A,
during cathodic polarization, the hydrogen evolution potential
is shifted towards more negative potentials when CMC is
engaged. On the other hand, the oxygen evolution potential is
not modified during anodic polarization. In the case of the
microporous YP-80F material, hydrogen evolution is in the
range of less negative values during cathodic polarization than
in the case of the pristine electrolyte. Such behaviour might be
explained by the aforementioned electrowetting properties of
modified electrolytes. In the case of mesopores, the electrolyte
is electrochemically adsorbed and may reach the micropores.
The shift of the potential towards more negative values is
caused by hydrogen sorption overpotential.***¢* In the case of
anodic polarization, the shift of the potential is marginal, and it
is in the same range of values as in the case of the glassy carbon
electrode. The situation is somewhat different in the case of
microporous YP-80F carbon, where during cathodic polariza-
tion, the potential limitation is shifted towards less negative
values. Such behaviour might relate to the inaccessibility of
micropores by electrolytes and induces hydrogen evolution in
wider pores. That is why for microporous carbon, the hydrogen
evolution potential is the same as for glassy carbon electrodes.
During anodic polarization, the oxygen evolution limit is shifted
towards more positive values. This might be related to a lack of
oxygen groups on the surface of the electrode and their
formation. As shown by He et al., the oxidation of carbon elec-
trodes leads to the evolution of CO and CO,.** This might mean
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that in the case of YP-80F, the generated oxygen is used to
recombine on the electrode surface and build up as surface
groups. This leads further to a shift of the gas evolution
potential during anodic polarization towards more positive
values.

The real voltage limitation of the prepared electrolytes was
estimated by GITT (galvanostatic intermittent titration tech-
nique), as shown in Fig. 5. During the GITT experiment, the
current is applied to the system for a given time. After the
specific charge is reached (titrated), the polarization is inter-
rupted by open-circuit conditions until the potential stabilizes
(or for a given time). The process is repeated until the desired
electrode potential (or the total charge titrated) is reached. This
experiment allows the equilibrium potentials to be determined.

The experiment was conducted in a three-electrode setup.
The technique itself enables the determination of equilibrium
potentials of the electrodes. Briefly, a constant current of low
magnitude is applied to the capacitor to reach the potential
plateau. After the plateau is maintained, the current is termi-
nated, and the electrode tends to reach its equilibrium poten-
tial. The maximum theoretical capacitor voltage was estimated
by the offset of the resting potential during hydrogen sorption
at the negative electrode and carbon oxidation at the positive
electrode. The obtained value of the voltage window is 1.9 V.
Such a value would be acceptable for the capacitor if the
potentials were equally distributed among the electrodes. In the
real system, as shown by other authors, the safe voltage limi-
tation for a 1 mol L™ Li,SO, aqueous-based capacitor is 1.5-
1.6 V. The presented result shows that the addition of CMC does
not influence the performance®**° of electrolytes on the
carbon electrode. Although an earlier experiment showed
shifting of the hydrogen evolution potential towards lower
potential values for modified electrolytes, in this case, such
behaviour is not observed. Consequently, for the full capacitor
cell, the voltage limitation should be the same, regardless of the
modification of the electrolyte. Additionally, the shape of the
hydrogen desorption hysteresis is the same, meaning that an
increase in viscosity did not influence the hydrogen sorption/
desorption efficiency.
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with non-modified and CMC-modified 1 mol L™ Li,SO, electrolyte,
and the graphs on the right are the corresponding galvanostatic
charge/discharge profiles at the 1 A g~* current regime.

The capacitor performance with modified electrolytes was
examined by galvanostatic charge/discharge at 0.5-10 A g™*
current regimes. The galvanostatic charge/discharge profiles
from 0 to 1.6 V are presented in Fig. 6.

Typical linear voltage increases on charging and decreases
on discharging are observed, confirming additional redox
reaction occurrence, irrespective of the carbon material used
and CMC content. Nonetheless, the hydrogen sorption
phenomena characteristic for aqueous neutral electrolytes
cannot be neglected. As the discharge time increases, the
capacitance of the carbon material increases in the order SX2n-
A, YP-80F, and SX2A. This difference is strictly connected with
carbon differences in the surface area and pore accessibility.
What may be noticed is that the CMC addition does not impact
the shape of galvanostatic curves or the polarizability, recorded
at1Ag . The calculated power and energy values are presented
on the Ragone plot.

For all carbons, the modification of the electrolyte did not
influence the maximum energy recorded at a low power regime.
This suggests that in all cases, the same active surface area is in
contact with the electrolyte with the same capacitance. Such
performance might be explained by the application of so-called
conditioning cycles, just before the collection of data for the
Ragone plot. The conditioning was performed to stabilize the
system. For this reason, one cannot exclude the effect of gradual
wetting of the electrode and pore penetration by the electrolyte
during continuous charge/discharge cycles. However, this
observation once more confirms that even highly viscous elec-
trolytes might demonstrate satisfactory performance. Never-
theless, the structural properties of carbon have a significant
influence on the maximum recorded power. On the one hand,
in mesoporous carbon materials (SX2n-A and SX2A), the loss of
power with an increase in electrolyte viscosity is marginal.
However, the visible deterioration of the power in the case of
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SX2n-A carbon can be explained by the inaccessibility of the
strict microporosity. This carbon is characterized by the
smallest average micropore size ca. 0.7 nm, while in the case of
SX2A and YP-80F carbon, the average pore size is ca. 0.9 and
1 nm respectively. On the other hand, for microporous carbon
(YP-80F), the loss of power with an increase in viscosity is
significant. This loss of power may be related to the accessibility
of the electrolyte to the slit porosity without ensuring enough
mesoporosity to serve as transport channels. During polariza-
tion, the continuous dragging of the electrolyte towards the
pore surface is ongoing. As ions together with their solvation
shell enter the micropores, they may also be accompanied by
their counterions via so-called co-insertion. As the mixture of
ions is attracted to the micropores, those contributing to charge
storage must exchange places with “inert” ions. In the case of
viscous electrolytes applied to microporous electrodes, the
mobility of ions is limited, which results in limited power
performance. In the case of mesoporous carbons, this effect is
less visible, the ions have more space, and the exchange is
easier. Therefore, in this case, the power is less affected by the
viscosity of the electrolyte. This finding stresses that micropore
accessibility is a power limiting factor in the case of viscous
electrolytes.

The effect of viscosity was also examined in terms of internal
pressure build-up. The measurement was performed for the
capacitor placed in the thermostatic chamber at 30 °C. The
electrochemical experiment involved galvanostatic charging to
the desired voltage, followed by 2 h of constant voltage hold.
The gas generation rate was then calculated as the slope of the
pressure build-up during the voltage hold period. The change in
the gas generation rate and leakage current with voltage is
shown in Fig. 7a.

A positive impact of increased viscosity on these two
parameters is observed. With increasing viscosity, the internal
pressure build-up and leakage current decrease. As the reduc-
tion of ionic mobility is not considered (no change of conduc-
tivity was recorded with increased viscosity), the leakage current
reduction is most likely not connected with limited ion redis-
tribution. Nonetheless, in the case of the aqueous electrolytes,
the hydrogen sorption phenomenon needs to be here consid-
ered. Generally, at the negative electrode the water decomposes,
and the generated hydrogen is ad-hoc adsorbed in the electrode
microporosity. Additionally, as shown by He et al.,*” even at low
voltage the CO and CO, evolution might be observed. As the
leakage current measurement is performed for 2 hours and the
constant (equilibrated) current is reached, the electrode in such
conditions might be considered as a reactor. In that case, the
oxidation process will be performed until the equilibrium
between substrate and product will be reached. In the case of
the non-viscous electrolytes, the generated CO and CO, can
easily diffuse and can shift the equilibrium towards substrate,
resulting in increased leakage current. In the case of viscous
electrolytes the mobility of gaseous product is limited and less
current is necessary to stabilize equilibrium in the system. In
case of the YP-80F carbon due to high microporosity the CO and
CO, have limited mobility and the effect of electrolyte viscosity
is less pronounced. However, in the case 1.6 V additional H,
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recombination and evolution on negative electrode need to be
considered. This case might be explained in similar manner as
for CO and CO, evolution. There is an equilibrium between ad-
hoc hydrogen adsorption and recombination. In case of the
viscous electrolytes the evacuation of gaseous product is limited
this current of lower density is necessary to keep the electrode
charged. The leakage current itself depends on the suscepti-
bility of the ions for their redistribution in the EDL. The diffu-
sion parameter at a given potential does not change with time at
a given potential step. Therefore, this parameter is closely
related to the value of the leakage current. The increased elec-
trolyte viscosity should limit the gas diffusion from the material
pores and thus reduce the value of the leakage current. Our
results also prove this concept. We assume that narrow micro-
pores (like in YP-80F) up to 1.4 V strongly limit the gas diffusion.
In this case, the narrow pores constitute a barrier. The second
factor is higher electrolyte viscosity and the addition of 7% CMC
at 1.4 V reduced the leakage current by 26%. Voltage of 1.6 V is
already high (so the driving force of the decomposition process)
that the narrow pores are not able to hold the generated gases.
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In this case, viscosity begins to play a leading role (reduction of
leakage current by 52%). In mesoporous materials and mate-
rials with a mixed pore content, viscosity begins to play a major
role. Wider mesopores provide a more flexible path for gas
diffusion. For SX2n-A and SX2A materials, the viscosity at rela-
tively low voltage values (1, 1.2, 1.4 V) reduces gas diffusion. The
pore width for mesoporous materials is not so small as to
significantly limit the diffusion of gas.

The self-discharge measurement also showed interesting
results. For YP-80F systems operating with 1 mol L™ Li,SO, and
with the addition of 7% CMC (Fig. 8a), the self-discharge course
is nearly the same. For SX2A-based capacitor, the addition of
CMC slightly reduces the self-discharge, especially in the first 2
hours. The biggest difference was observed for SX2n-A, for
which the CMC addition significantly reduces the self-discharge
process. For 1 mol L™" Li,SO, the voltage dropped to 0.63, 0.7,
0.83 and 0.97 V for 1.0, 1.2, 1.4 and 1.6 V respectively. For
electrolytes with 7% CMC, the voltage reached 0.79, 0.9, 1.02,
and 1.1 V. Thus, one can conclude that to stabilize the voltage in
the system based on mesoporous electrode material, the higher
electrolyte viscosity should be applied. The stabilization most
likely results from preventing the charge reorganization in the

a
1.8
YP-80F SX2A
L1.6
Lu
> \ H1.2
g’ \ \ L1.0
o Lo.8
>
[—0.6
0.4 Lo.4
0.2 —0% Loz
—T%
0.0 4! b ek 0.0
0246810120 2 4 6 810120 2 4 6 8 1012
Self-discharge time, h
b
1.8 1.8
Activatiof self-discharge
16K Rl 1.6
1.4 \-1.4
> 1.2 1.2
o
1.0 1.0
E ~ ﬂ\
5 o8 e Oifusi Los
self-discharge. self-discharge
0.6 o % -0.6
0.4 {[ ssificctiaue —_0% 04
—T%
0.2 F0.2
SX2n-A YP-80F SX2A
0.0 0.0

0.0 05 1.0 1.50.0 0.5 1.0 1.50.0 0.5 1.0 15
VSelf-discharge time, h

Fig. 8 Self-discharge profiles of capacitors operating with 1 mol L™*
Li,SO4 and with 7% CMC addition dependence on (a) linear self-
discharge time and (b) self-discharge time in a square-root time scale.
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EDL once the polarization has subsided. As mentioned, the self-
discharge process is caused by at least three types of processes:
activation-controlled, diffusion-controlled, or so-called ohmic
leakage. The diffusion-controlled process can be associated
with the ions redistribution inside the micropores; activation-
controlled processes are usually redox reactions resulting
from the presence of pollutants, redox-active species in the
electrolyte (or at electrode surface), and electrolyte decomposi-
tion. The ohmic leak usually occurs in the event of an internal
short-circuit.

Based on the profile of the voltage vs. the self-discharge
square root time (Fig. 8b), it can be concluded that, in fact,
there are two self-discharge processes in the tested systems. At
a1, 1.2, and 1.4 V the linear course of the self-discharge indi-
cates nearly typical diffusion-controlled process. The non-linear
curve for 1.6 V for all materials, regardless of the electrolyte
viscosity, indicates the appearance of additional, parasitic
reactions, such as electrolyte decomposition that govern and
accelerate the self-discharge process.

The influence of the increased electrolyte viscosity on the
long-term performance was tested by the application of 10 000
charge/discharge cycles at 1 A g~ ' current load (Fig. 9). One can
easily notice that for all electrode materials, the capacitance
reached 95% of its initial value after the same number of cycles.
Therefore, we claim that no negative effect of increased elec-
trolyte viscosity is observed.

4. Conclusions

This article describes the influence of increased electrolyte
viscosity on electrochemical capacitor performance. The inter-
action between the viscous electrolyte and the porous carbon
electrode is a complex relationship. It is postulated that
unveiling its limiting factors can lead to further development of
high-power-energy storage devices. The obtained results might
be especially interesting in terms of the application of ionic
liquids.

One of the major conclusions that we should underline is
that increase in the electrolyte viscosity does not significantly
reduce the mobility of the ions (conductivity). However, the
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increased viscosity of the electrolyte reduces the electrowetting
phenomenon; nonetheless, it depends on the polarization
magnitude. The ion exchange in viscous electrolytes inside
porous structures is certainly hindered. This might lead to
insufficient pore penetration (especially for micropores) and
deterioration of the electrochemical capacitor performance. It is
recommended, before the actual operation of the capacitor
based on high-viscous electrolyte, to condition the system. This
solution should increase electrode wettability and device
performance. The stability of the electrolytes verified with LSV
technique shows that there are no significant differences
between the low- and high-viscous electrolytes upon application
of a glassy carbon electrode. While using a porous electrode, the
differences become observable. However, they strongly depend
on the carbon porous structure; surprisingly, mesoporous
materials are more affected than microporous ones. The GITT
technique is better suited to estimate the electrolyte stability
window than the LSV technique, which tends to overestimate
the potential stability. The increased viscosity has a marginal
effect on the final voltage window of the device. The increased
electrolyte viscosity does not affect the hydrogen sorption/
desorption process efficiency. Moreover, in this article, we
present that the impact of the electrolyte viscosity on the elec-
trochemical capacitor energy and power performance is deter-
mined by the pore structure of carbon and pore accessibility.
Higher electrolyte viscosity does not necessarily result in an
energy decrease. Proper selection of the electrode material
porosity is required. A significant advantage of increased
viscosity (the case in which 7% CMC was used) is reducing the
parasitic reactions of water decomposition at high voltage, as
observed in the gas generation experiment (twice as low at
1.8 V). In a microporous AC based system higher electrolyte
viscosity slightly reduce the discharge degree. However,
a significant reduction in self-discharge by limiting the charge
delocalization in the EDL was noticed in mesoporous materials.
Another positive aspect seems to be the lack of electrolyte
viscosity influence on the long-term performance stability,
regardless of the electrode material porosity.

The presented results highlight the topic of viscous
electrolyte/porous carbon interactions. Finally, these results
give rise to be more sceptical to the overall statement that the
viscosity being itself the limiting factor of electrochemical
capacitor performance.
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Motivation

Advanced analytical techniques (in situ or operando) are used to describe
the flow of ion fluxes in the ECs. We can find here measurement of the frequency
changes of the piezoelectric resonator acting as a working electrode
(electrochemical a quartz crystal microbalance, EQCM) [205, 206] or electrode
volume changes under polarization (electrochemical dilatometry, ECD) [207,
208]. However, the correlation of the recorded changes with ion
adsorption/desorption still does not provide full insight into the ion transport
mechanism. However, comparisons of the results obtained with both methods

do not always lead to unequivocal conclusions. This caught our attention
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and prompted us to propose a new approach for determining the charge

accumulation mechanism at the electrode/electrolyte interface.

Summary

In Article A4 — ‘New insight into ion dynamics in nanoporous carbon
materials: An application of the step potential electrochemical spectroscopy
(SPECS) technique and electrochemical dilatometry’ proposed a new
methodology to determine a type of ion exchange mechanism in AC electrodes
in symmetric ECs. Research was carried out using an electrolyte with a similar
anion and cation size — the IL bis(trifluoromethylsulfonyl) imide 1-ethyl-3-
methylimidazolium (EMIM*TFSI). Due to the combination of the step potential
electrochemical spectroscopy (SPECS) technique and electrochemical
dilatometry (ECD), the E ranges were distinguished, where the ion mixing region
and the permselective adsorption regions occur. It was found that the mechanism
of EDL formation strongly depends on the type of electrode material porous
structure. The calculations allowed to extract and quantify the charge responsible
for the movement of ions in the micropores. Experiments carried out have shown
that the mass transport mechanisms are determined by the availability
of the electrode pores. In microporous AC, cations are adsorbed by ion exchange
and co-adsorption mechanisms, while the anions were initially adsorbed by ion
exchange followed by a selective adsorption mechanism. In a micro/mesoporous
AC, the anodic and cathodic polarization of carbon causes an analogous ion
mixing mechanism, followed by selective adsorption of both ions. The data
obtained are consistent with the data in the literature and provide new possibilities
for measuring ion transport mechanisms in pores. A comparison of the collected
and published data indicates that there is no universal description of the ion
transport and the charge/discharge mechanism of the EDL in AC. Therefore,

it can be concluded that it is a mixture of different mechanisms that depend

on the size and availability of pores, the applied electrolyte type and electrolyte

type.
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This paper reports on the charging mechanism of an activated carbon electrode in a symmetric electro-
chemical capacitor operating in an ionic liquid electrolyte (EMIm*TFSI~). With the application of step
potential electrochemical spectroscopy (SPECS) and electrochemical dilatometry, it is determined that the
electrical double-layer formation mechanism strongly depends on the porous structure of the electrode
material. Furthermore, SPECS calculations allow us to separate and quantify the charge component re-
sponsible for the ionic movement.

© 2021 The Authors. Published by Elsevier Ltd.
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1. Introduction

In recent years, much attention has been paid to the devel-
opment of electrochemical capacitors (ECs). ECs, characterized by
high power, moderate energy, and an excellent life span, are con-
sidered either as an alternative or a good support system for elec-
trochemical cells [1-3]. In contrast to other energy storage systems,
the ECs charging/discharging process is achieved by the reversible
attraction of ions at the electrode/electrode interface, as well as
the formation of an electrical double-layer (EDL). As the capaci-
tance of an EC is determined by the surface area accessible to ions,
through the years many porous materials have been used to manu-
facture electrodes [4-8] including MXenes [9-15], transition metals
[16-19] or carbon materials, such as graphene [20-25], nanotubes
[26-30], nanoonions [31,32], and carbide-derived carbon (CDC) [33-
35]. However, due to its low production costs, the most applied
electrode material is activated carbon [4,5,36-38].

To improve the performance of ECs, it is necessary to ex-
plore and describe the electrical double-layer formation mecha-
nism in nanoconfined spaces. Research on this topic has been per-
formed throughout the years, both with the application of theo-
retical modelling methods [39,40] and experimental in situ mea-
surements, with such techniques as electrochemical quartz crystal

* Corresponding authors.
E-mail addresses: krzysztof.fic@put.poznan.pl (K. Fic),
jakub.menzel@put.poznan.pl (J. Menzel).

https://doi.org/10.1016/j.electacta.2021.138115

microbalance (EQCM) [41-44], electrochemical dilatometry [45,46],
atomic force microscopy [47,48], and NMR studies [49-51]. It was
determined that charge/discharge can be generally realized via
two mechanisms: selective adsorption of the counterion or co-
adsorption and desorption. This research was mostly realized with
the application of ionic liquids (ILs) and organic solvent-based for-
mulations as model electrolytes to observe both the dynamics of
singular ions and the influence of the solvents. It was determined
that cation and anion adsorption is different and highly related to
the size and type of pores. Research performed with the applica-
tion of CDCs with strict microporosity has shown that the charg-
ing mechanism differs with the pore size. In the case of research
performed by Tsai et al. on materials with average pore sizes of
0.6 and 1 nm, the electrode charge was realized via a permselec-
tive mechanism for EMIm* and an ion exchange for TFSI~anions
[41]. This conclusion was drawn from EQCM experiments, where
the masses of the adsorbed anions and cations were compared to
the theoretical prediction of the mass change required to charge
the electrode. It was determined that charging of the negatively
polarized electrode follows the theoretical trend; however, in the
case of positive polarization, a lower mass of ions is involved.
Moreover, in an experiment Jackel N. applied a material with a
strict 1.2 nm average pore diameter and found that while apply-
ing negative polarization, more cations entered than anions evac-
uated [46]. Finally, it was concluded that when close to the point
of zero charge (PZC), small ions are more involved in the charg-
ing mechanism and are exchanged by larger ions, while for higher

0013-4686/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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potentials, counteranion adsorption is preferred. Recently, in re-
search performed by Y. Wamg et al.,, electrochemical dilatom-
etry coupled with '"F NMR was applied to describe the
charge storage mechanism at the electrode/electrolyte interface.
The EC with 1-ethyl-3-methyl-imidazolium ferrocenylsulfonyl-
(trifluoromethylsulfonyl)-imide (EMImTFcTFSI=) IL as the elec-
trolyte and microporous activated carbon was investigated. The au-
thor showed that the pores were immediately filled with ions after
soaking the electrode in the electrolyte. The system was polarized
up to 1V, and different ion movements were observed for the pos-
itive and negative electrodes: co-ion desorption with faradaic elec-
tron transfer was detected for the positive electrode, and counte-
rion adsorption was detected for the negative electrode. Moreover,
the charge storage mechanism for the positive electrode changed
at an elevated voltage (2 V), where counterion adsorption was ad-
ditionally assumed [49].

Step potential electrochemical spectroscopy (SPECS) is an elec-
trochemical technique designed for the separation of Faradaic and
non-Faradaic charge storage contributions in ECs, proposed in 2015
by S. Donne and M.F. Dupont [52,53]. The SPECS technique al-
lows for deconvoluting the current response of the system into
its components that correspond to the diffusion and activated con-
trolled mechanisms of the charge storage. This technique has found
the application in determining the mechanisms of charge stor-
age [54], properties of activated carbons and the EC performance
[55]. Application of SPECS demonstrates that the electrochemical
properties of carbons might vary significantly with the tempera-
ture, current density, substrate and type of electrolyte. Addition-
ally, SPECS technique found application in tracking of electrode
structural changes related with formation of EDL and pseudoca-
pacitance [56]. Furthermore, SPECS gives several advantages over
conventional electrochemical techniques such as cyclic voltamme-
try or chronoamperometry [57].

Electrochemical dilatometry is an analytical technique [58],
used for characterization of the electrode materials in energy stor-
age devices. It allows the dimensional changes of the electrode
during polarization to be monitored. This technique is suitable for
an investigation of a different material types like graphite and
graphitized materials [59-61], carbon nanotubes [62], activated car-
bons and activated carbon fibre cloth [60,61]. It was shown that
the electrode height changes depend not only on the porosity of
the materials but also on their density [60]. The results for differ-
ent scan rates applied showed that the dilatation decreased with
an increasing sweep rate [61].

Organic electrolytes are the most often used in recently re-
ported dilatometric studies [60-65], most likely to avoid corrosion
or other solvent-related issues. Generally, it is observed that cation
insertion causes a higher electrode expansion than anion inser-
tion. The impact of a solvent on dilatometric response was also de-
scribed, based on acetonitrile and propylene carbonate (PC)-based
electrolytes [60,65]. It appears that PC causes a higher electrode
expansion than AN does. This fact can be easily explained by tak-
ing the AN and PC molecular size and volume of solvated cations
and anions into account [66,67].

In this study, the ionic movement is measured via application
of electrochemical dilatometry, and the quantification of the cur-
rent responsible for ion transport is extracted by the SPECS tech-
nique. The utilization of the ionic liquid as an electrolyte allows us
to observe the specific ionic interactions without a solvation shell.
Additionally, considering the lack of redox activity in the applied
electrolytes, the calculated SPECS parameters will only contribute
to the charging of the electrical double-layer and ion diffusion in
the porous structure. The correlation between the electrode vol-
umetric changes and the calculated diffusion parameter allow us
to quantify the charge responsible for ionic movement. A compar-
ison of the electrochemical and volumetric responses in two car-

Electrochimica Acta 377 (2021) 138115

bons with comparable surface areas and different pore accessibili-
ties provides new insight into the charge/discharge mechanisms at
the electrode/electrolyte interface.

2. Experimental
2.1. Electrode preparation and characterization

The electrodes were prepared by mixing 95% activated carbon
and 5% PTFE - 60% solution in water (Sigma Aldrich®, USA) as a
binder. The electrodes were then prepared using a wet method fol-
lowed by pressing to a 200 pm thickness and drying. Then, the
self-standing, circular electrodes (@ = 10 mm, 9.5 mg) were cut.
Before the experiments, the electrodes were dried at 120 °C for 8 h
in a vacuum to remove any moisture. Two types of active materi-
als were applied: YP-50F (Kuraray®, Japan) and BP2000 (Cabot®,
USA).

The nitrogen adsorption isotherm of the activated carbons was
recorded by an ASAP 2460 analyser (Micromeritics®, USA) at 77 K.
The specific surface area and the pore size distribution were calcu-
lated using the 2D nonlocal density functional theory (2D NLDFT)
method. Both materials were characterized by a type I isotherm,
which is characteristic of a microporous structure. Additionally, the
2D NLDFT surface area was ca. 1500 m? g ~ ! for YP-50F and 1400
m? g — ! for BP2000.

2.2. Electrochemical measurements

The electrochemical measurements were performed in a sym-
metric, two-electrode cell (Swagelok® USA) with a reference elec-
trode. Due to the application of aprotic electrolytes, an activated
carbon-based quasi reference electrode (QRE) was applied. A piece
of YP-50F carbon was placed at the perimeter of the separator be-
tween the working and counter electrodes and additionally sep-
arated by a Whatman GFA/D porous membrane. Contact with the
potentiostat/galvanostat was provided via a platinum wire. The ref-
erence electrode was used to monitor the electrode potentials.

The EMIm* TFSI= ionic liquid (Solvionic®, France) with
~20 ppm water, measured by the Carl-Fisher method, was applied
as the electrolyte. The electrodes were soaked in the electrolyte
prior to measurement and separated by a GFA/D (Whatman®,
UK) porous membrane. The electrochemical cells were set up
in a moisture- and oxygen-free argon-filled glovebox (Jacomex®,
France).

The electrochemical measurements were conducted with a
computer-controlled multichannel potentiostat/galvanostat VMP3
(biologic®, France). The electrochemical systems were initially ex-
amined with the application of a galvanostatic charge/discharge
within a 0.1-10 A g — ! current load, cyclic voltammetry at 1
and 10 mV s — ! scan rates, and electrochemical impedance spec-
troscopy (100 kHz-100 mHz for the ac frequency range and +5 mV
for the voltage amplitude). All the current and capacitance values
are expressed per mass of one electrode, if not stated otherwise.

The SPECS measurements were performed with the application
of a series of 5-minute potentiostatic hold periods with 10 mV po-
tential steps until the desired electrode potentials were achieved.

2.3. Electrochemical dilatometric measurements

Electrochemical dilatometric measurements were performed in
an ECD-3-nano electrochemical dilatometer (EL-Cell®, Germany).
The measurements were performed in a two-electrode configura-
tion with a carbon QRE. The electrochemical measurements were
performed after 6 h hold at constant potential in order to baseline
stabilization. The cyclic voltammograms were recorded at 1 mV
s=1,
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Fig. 1. (a) Nitrogen adsorption/desorption isotherm at 77 K; (b) pore volume and average pore size ratio of micro- to mesoporosity for the selected carbon materials; (c)
cumulative surface area calculated with the NL-DFT method and corresponding pore size distributions.

3. Results and discussion

Two carbon materials were applied to prepare the electrodes
for the EC: YP-50F (microporous) and BP2000 (micro/mesoporous).
Fig. 1a shows the adsorption/desorption isotherms for both car-
bons, where one might observe that most of the gas adsorbs at
a low relative pressure, indicating a significant share of microp-
ores. In the case of YP-50F, the adsorption curve stabilizes, and a
minimal amount of mesopores are involved in the N, adsorption
process. However, for the BP2000 carbon, there is no stabilization
of the adsorption curve, indicating adsorption in mesopores. More-
over, the significant increase in the gas quantity adsorbed above
a relative pressure of 0.9 indicates the fraction of the macropores
in the carbon structure. In Fig. 1b, the pore volume and the av-
erage pore size of both selected carbons are compared. Addition-
ally, it can be seen that the micropore structures considering the
volume and average pore size are similar. The main difference be-
tween the two carbons is the share of mesopores. The BP2000 is
characterized by strongly developed mesoporous structures, while
in the case of YP-50F, almost no mesopores are observed. Fig. 1c
presents the cumulative surface area and the corresponding pore
size distribution calculated by the 2D NLDFT model. In the case
of the YP-50F, one can acknowledge a significant increase in the
surface area of up to approximately 1500 m? g ~ ! in the regime
of micropores <2 nm, followed by a stabilization region for larger
pores. For the BP2000, an initially similar build-up of the surface
area is observed up to approximately 1200 m? g — '. However,
in this case, it is followed by a gradual increase due to the sig-
nificant contribution of 2-50 nm mesopores up to approximately
1400 m? g — !. Finally, both carbons are characterized by compa-
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rable NLDFT cumulative surface areas in the range of 1400 - 1500
m2g- L.

The selection of the activated carbons was motivated to have
two materials characterized by analogous surface areas but with
different pore accessibility. It was desired that materials with dif-
ferent ion transport properties (provided by the different fractions
of mesopores) be applied. YP-50F is a typical microporous flake-
like material with “internal” microporosity. However, BP2000 is a
carbon black with a high surface area and easily accessible “exter-
nal” micropores.

The prepared electrochemical systems were examined with a
SPECS technique in Swagelok® cells and by a CV technique with
the application of an electrochemical dilatometer. The collective
results of these investigations are presented in Fig. 2. The SPECS
measurements were performed with using 10 mV steps and a 5-
minute hold. The obtained current vs. time plots were used to
calculate the capacitance, diffusion and residual parameters. The
differential capacitance was divided into two modules, i.e., “geo-
metric” and “porous” capacitance, which correspond to the easily
and hardly accessible carbon surface areas, respectively. In the con-
sidered case, i.e., for the system without redox activity, the diffu-
sion parameter corresponds to the charge required to promote ion
movement. The time constant calculated as a product of cell re-
sistance and capacitance refers to the minimum time necessary to
fully charge the electrode and is divided into two modules: “ge-
ometric” and “porous”. The bottom graph represents the voltam-
metric response at a 1 mV s — ! scan rate and the corresponding
dilatometric changes of the working electrode.

Fig. 2a shows the collective data for the system operating with
YP-50F activated carbon in the EMIm™TFSI~ ionic liquid electrolyte.
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Fig. 2. Comparison of the calculated SPECS parameters (from the top: Time Constant, Normalised diffusion parameter, and Specific capacitance) and electrode dilatometry,

and cyclic voltammetry characteristics for selected carbons: (a) YP-50F; (b) BP2000.

The selection of the electrolyte composition was determined by
a similar anion and cation effective ion size, which was approxi-
mately 0.7 nm [70].

The system is characterized by the typical rectangular shape of
cyclic voltammogram corresponding to the charge of the electrical
double-layer. The potential limitation of the electrode was in the
range of —1 to 1 V vs. AC QRE, which refers to the system being

charged up to 2 V. The 2 V limitation was applied to avoid any pos-
sible unwanted redox contribution, either from carbon functionali-
ties or electrolyte decomposition.

The recorded dilatometric changes are comparable to the re-
sults obtained by other authors for this type of carbon material
and ionic liquid [65]. In Fig. 2a, the results for the YP-50F carbon
are presented. One may observe a larger displacement increase for
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cathodic polarization than for anodic polarization, which are ap-
proximately 0.338% and 0.139%, respectively. First, the system was
polarized from open circuit voltage (OCV) at 0 V towards negative
potential values. One needs to acknowledge that the PZC, marked
as “1” on the graph, determined by the lowest differential capaci-
tance of the electrode, is not the same as the OCV, and it is shifted
towards negative potentials. Further polarization leads to a gradual
increase in both the “porous” and “geometric” differential capaci-
tance, followed by a significant increase in the electrode displace-
ment (points 2 and 3). Interestingly, the increasing trend of both
the displacement and differential capacitance is not followed by
a change in the diffusion parameter. This might suggest that the
porous structure is occupied by both cations and anions. In this
case, it might be concluded that electrode charging is realized via
ion exchange and co-adsorption mechanisms. The change in polar-
ization to the anode results in a typical dilatation hysteresis and
a decrease in the displacement. After repolarization, the cations
leave the active sites, and the system reaches PZC before reaching
the minimum displacement. After changing the current flow, the
TFSI~ anions are adsorbed at the carbon electrode/electrolyte inter-
face and the differential capacitance increases. However, during the
initial anion adsorption one can observe the displacement depres-
sion with the minimum of 0.4 V at point “5”. This depression cor-
responds to the end of the ion exchange charge mechanism at the
electrolyte/electrode interface. At this point, two phenomena need
to be considered. First, the more mobile EMIm* cations are easily
adsorbed and desorbed from the microporous structure. Moreover,
their movement is strongly determined by the electrode polariza-
tion direction. Second, heavy TFSI~ anions occupy the active sites
in close proximity, and at the initial state of electrode charging,
they exchange with cations that leave micropores. Anodic charging
via an ion-exchange mechanism is realized until the micropores
are deprived of available ions to adsorb. Further polarization pro-
motes the charge realized via the permselective mechanism, and
an insignificant increase in the displacement is observed. More-
over, it seems that selective adsorption is realized by sacrificing
an additional charge to move the ions. Moreover, one may observe
that both the cation to anion and anion to cation exchange regions
are shifted towards more positive values. This additionally confirms
that the more mobile EMIm™ cations enter the pores before heavy
TFSI- anions leave the carbon structure. The calculated time con-
stant suggests that during the charge/discharge process only elec-
trostatic interactions were involved. This thesis is supported by the
noticeable regular increasing trend reflecting gradual penetration
of porous structure. In case of the redox process the rapid fluc-
tuations to higher time constant values would be observed, as a
result of ongoing slow charge transfer process. Additionally, one
might notice that the accessibility to the surface reflected by the
“geometric” capacitance parameter is easier for EMIm*. Applying
cathodic polarization results in a higher recorded “geometric” ca-
pacitance.

Interestingly, one can observe a significant increase in the diffu-
sion parameter for cathodic polarization when heavy TFSI~ anions
are adsorbed. However, the displacement change for the cathodic
process is approximately 1/3 that of the anodic process. Keeping
in mind that both anions and cations are characterized by similar
effective volumes, it can be concluded that in the case of YP-50F
activated carbon, the charging of the positive electrode is first re-
alized via ion exchange mechanism and desorption of cation fol-
lowed by permselective adsorption of anion. However, in the case
of the negative electrode up to 1 V vs. QRE, the ion exchange and
co-adsorption mechanisms are dominant. Additionally, an increase
in the diffusion current for the permselective ion adsorption mech-
anism can be observed. This suggests that a greater charge is nec-
essary to attract the selected ions into the porous structure. For the
ion exchange adsorption mechanism, a stable charge is recorded
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due to the unlimited ion accessibility at the electrode/electrolyte
interface.

Fig. 2b presents the collective data for the system operating
with BP2000 activated carbon in the EMIm™TFSI~ ionic liquid elec-
trolyte. Similar to the aforementioned system, for this carbon, the
characteristic rectangular shape of the cyclic voltammetry response
was recorded, suggesting pure electrostatic charge accumulation
mechanisms. However, one might observe a significant difference
in the dilatometric response of the micro/mesoporous carbon ma-
terial in comparison to YP-50F. In the case of the BP2000 carbon,
the displacements for both the positive and negative electrodes are
similar. As follows, it can be concluded that a similar number of
cations and anions are involved in the charge accumulation pro-
cess. Similar to the YP-50F case, for the BP2000 carbon, the PZC is
shifted towards negative potential values. As in the previous sys-
tem, first, cathodic polarization was applied to the electrode, pro-
moting EMIm* adsorption. One can observe a significant displace-
ment increase as the charge storage process is involved (points 2
and 3). After reaching a potential of —1 V vs. QRE, the polariza-
tion is changed to anodic. The change in the polarization results in
a typical delayed mass transport response observed at the maxi-
mum displacement recorded during the electrode discharge. Simi-
lar to the microporous carbon in the case of BP2000 carbon, there
is a depression of the displacement beyond the PZC. However, in
this case the minimum displacement (point “5”) is close to the PZC
and OCV. One can observe that the adsorption of TFSI~ anions re-
sults in a rapid increase in displacement up to 1 V vs. QRE. Again,
as mentioned above, the change in polarization results in a delayed
displacement response; however, it is more pronounced due to the
large ionic mass of TFSI™. Interestingly, in contrast to the previous
results, during cathodic polarization the anion-to-cation exchange
point is in a small depression. Moreover, for meso/microporous car-
bon it is shifted towards more negative values. Such behaviour sug-
gests undisturbed ion exchange mechanisms for both positive and
negative polarization close to the PZC. One can additionally notice
that a significant change in the diffusion parameter is recorded
after both anions to cations and cations to anions exchange. The
observed minimum diffusion parameter corresponds to the undis-
turbed ion exchange process. The calculated time constants in the
range of 5 to 8 s for porous parameters exclude the possible impact
of the red-ox activity on the recorded displacement and calculated
diffusion parameter.

In the case of meso/microporous carbon for both the positive
and negative electrodes, combined ion-exchange and permselec-
tive adsorption mechanisms can be observed. As mentioned above,
the displacement changes for cathodic and anodic polarization are
nearly identical, and the same can be noticed in the case of the
diffusion parameter. This shows that in both cases, after initial ion
exchange analogous volumes of the ions are selectively adsorbed
with the same ease.

The present study has shown that the type of carbon material
has a significant difference in terms of the ion adsorption mech-
anism determined by the porous structure of the activated car-
bon. In the case of a microporous material, anodic polarization
promotes ion exchange with a co-adsorption mechanism, while
for cathodic polarization, ion selective adsorption is the domi-
nating mechanism. For the micro/mesopores, both electrodes are
characterized by an analogous ion adsorption mechanism; ion ex-
change followed by permselective adsorption. Moreover, the ion
transport properties are determined by the microscopic character-
istics of the activated carbon material, rather than the electrolyte
properties.

On one hand, the obtained results are in contrast to the data
observed by W. Tsai et al. by application of EQCM where perm-
selective adsorption was observed for EMIm™ ions, while TFSI~ ad-
sorption was achieved via ion exchange with co-adsorption How-
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ever, their experiment was performed on carbide-derived carbon
electrodes with a strict 1 nm pore size [41].

On the other hand, our results are comparable to the data
recorded by N. Jackel et al. via application of EQCM, where the au-
thors determined that when a negative potential is applied, more
anions enter the pores than there are ejected cations. Thus, EMIm*
cations dominate during the charge/discharge process. Additionally,
it was reflected in small dilatometric changes of the positive elec-
trode. Notably, in this research novolac-derived carbon beads with
narrow pore size distributions and 1.2 nm average pore sizes were
applied. It seems that the increased pore size dimensions have a
significant effect on the ion dynamics in the carbon material [46].
Moreover, A. C. Forse et al. applied NMR to study the spontaneous
wetting of micropores in the case of YP-50F activated carbon. Ad-
ditionally, as in our case for this carbon, the authors also observed
the counterion adsorption and co-ion desorption mechanism [50].

In our case, we apply activated carbon with micropores in the
range of 0.9 - 2 nm with a slight contribution of mesopores. Ad-
ditionally, one needs to consider that the type of surface oxygen
functionality determines the carbon adsorption properties and can
influence the electrolyte pore penetration abilities.

Conclusions

Electrochemical dilatometry with the SPECS technique was ap-
plied to examine the EMIm*TFSI- pristine electrolyte in two dif-
ferent activated carbon materials. The step voltage hold curves
were deconvoluted and the differential components of the capaci-
tance and diffusion parameters were calculated. The measured vol-
umetric changes of the electrodes were in good arrangement with
the published data by other authors. However, the analysis of the
ion mobility driving forces led to a different conclusion compared
to the data obtained for EQCM on model materials. Moreover, in
the case of the examined materials different electrolyte behaviours
were observed. However, in this study, by the deconvolution of
the current with the application of the SPECS technique, the share
of charge responsible for ion movement was extracted and com-
pared with the corresponding dilatometric data. The performed ex-
periments showed that the mass transport mechanisms are deter-
mined by the pore accessibility from the bulk of the electrode. In
the case of microporous activated carbon, the EMIm™ cations were
adsorbed via ion-exchange and co-adsorption mechanisms, while
the TFSI- anion was initially adsorbed via ion exchange followed
by a permselective mechanism. The micro/mesoporous carbon an-
odic and cathodic polarization results in analogous ion adsorption
mechanisms an ion-exchange followed by selective ion adsorption.

With the application of the SPECS technique, it was possible to
extract and quantify the current responsible for charge transfer in
the micropores of the carbon material. The obtained data are con-
sistent with the literature data and provide new possibilities for
measuring the ion transport mechanisms in nanoconfined spaces.

A comparison of the gathered and literature data shows
that there is no universal description of the ion mobility and
charge/discharge mechanism of the electrical double-layer in ac-
tivated carbon. It can thus be concluded that it is a mixture of var-
ious mechanisms that depends on the pore size and accessibility,
applied potential, and type of electrolyte.
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Motivation

Aqueous solutions are often used as electrolytes in ECs because of safety
and ecological issues [209]. The best energy/power/cycle life performance
is reported when neutral pH electrolytes are used [210, 211]. Papers published
to date indicate that the electrode porosity should match the a respective ion size.
However, the question of which ions should be taken into account in such
considerations is still open. In IL-based systems, the situation seems
to be relatively straightforward, since only cations and anions, making an IL
structure, are present in the electrolyte. In the case of electrolytes based
on aqueous solutions, more factors must be considered: ions from a dissolved
salt, their solvation shell, which certainly vary depending on several conditions,

and hydrogen-based cations (H*, H3O") as well as hydroxyl groups (OH") coming
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from water itself. To determine ionic fluxes within electrodes, different techniques
can be adopted, e.g., electrochemical quartz crystal microbalance (EQCM),
electrochemical dilatometry (ECD), scanning electrochemical microscopy

(SECM), coupled with solid-state NMR or Raman spectroscopy.

Summary

Article A5 — f‘lmpact of electrolyte pH on the ion population
at the electrode/electrolyte interface monitored by electrochemical dilatometry’
in a comprehensive way presents the impact of OH™ and H* ions concentration
in aqueous electrolyte on charge storage possibilities and ion flow in bulk
of porous carbon electrodes. The EC performance is strongly dependent
on the electrolyte pH. There is a significant alkalization of the electrolyte pH near
the electrode during EC operation. It was concluded that the higher the pH
of the electrolyte, the higher the OH" contribution to EDL formation. Furthermore,
the transport of SO4% anions requires a very high driving force and causes
irreversible changes within the texture of the material. The EC operating
in an electrolyte of pH 6 is more stable and the electrode’s textural changes
are reversible, even at very harsh conditions. The trend was shown
to be comparable for electrolytes of pH 6 and 9. However, ECs with the pH 12
solution exhibit similar behaviour to the LiOH solution, suggesting that during
positive polarization, the primary role is played by OH™ — despite the same salt
concentration. Therefore, we conclude that different ions (or ions with various
solvation shells) participate in the formation of EDL. This result raises an essential
concern for the actual ion population at the electrode/electrolyte interface,
which affects the water decomposition potential and triggers various parasitic

reactions that impact the long-term performance.
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Abstract

Electrode height changes in electrochemical capacitors (ECs) strongly depend on the electrolyte pH. Hence,
different ions (or ions with various solvation shells) participate in EDL formation_ In this work, operando electrochemical
dilatometry (ECD) experiments, incorporating various electrochemical techniques like cyclic voltammetry, large
amplitude sinusoidal voltammetry (LASV) and step potential electrochemical spectroscopy (SPECS) were performed for
the ECs operating in 1mol L' Li2SO« of different pH (6, 9 and 12) and 1 molL"' LIOH (for comparative purposes);
a microporous carbon (Kuraray® YP-80F) was used as an electrode material. It was shown that the trend is comparable
for electrolytes of pH 6 and 9; however, the cell with the solution of pH 12 exhibits similar behavior to LiIOH solution,
suggesting that during positive polarization, the pnmary role i1s played by OH- — despite the same salt concentration.
This result raises an essential concern of the actual ion population at the electrode/electrolyte interface, affecting
the water decomposition potentials and triggers various parasitic reactions impacting the long-term electrochemical

capacitors performance.
1. Introduction

The increase In energy consumption in recent
years has caused a great deal of interest in energy
harvesting, conversion, and storage devices. As part
of sustainable development, the trend is towards
the search for environmentally friendly solutions due
to the depletion of natural resources and environmental
issues [1-4]. For example, lithium is often replaced
by sodium or potassium in batteries [5-8] and aqueous
solutions are used as electrolytes instead of organic
ones in electrochemical capacitors (ECs) [9-14].
Undoubtedly, progress in materials research for ECs
requires extensive fundamental knowledge and insightful
study, but it is not only about the development
of materials with promising metrics. The key is to match
the properties of the electrode material
with the electrolytic solution. Considerations on the pore
diameter versus the size and number of ions
at the interface are crucial for the device performance
improvement. Hence, a comprehensive description
of ionic fluxes at the electrode/electrolyte interface
during polarization is of great importance. There
are numerous reports in  the literature regarding
the reasons for fading of EC performance, shortening
of cycle life, or increased self-discharge under different
medium and operating conditions [15-18]. Various
research pathways, including different techniques, can
be taken for the fundamental studies on the interface
between the carbon electrode and the electrolytic

solution, as well as for an explanation of the ageing
mechanisms in ECs. Such considerations quite often use
a sophisticated approach; lately, postmortem analyzes
are coupled with in sifu experiments [19-26]. Nuclear
magnetic resonance spectroscopy (MMR) [27-29],
X-ray neutron scattering [30-32], Raman spectroscopy
[12, 33], atomic force microscopy [34, 35],
electrochemical quartz crystal microbalance (EQCM)
[22, 36-41] or electrochemical dilatometry (ECD) [20, 27,
42-46] are powerful techniques that provide insightful
information on charge storage in ECs. However,
published papers mainly concern ionic liquid-based
systems (ILs) or organic electrolyte-based systems.
It has been found that during the EC charging, the
cations are indeed adsorbed at the negative electrode,
while at the positive electrode this mechanism is more
complicated. At low potential values (near so-called point
of zero charge), the Ilon-mixing effect, 1.e., cation
desorption coupled with anion adsorption, is observed.
The potential range of ion mixing depends
on the electrolyte composition, in the case of water-
based electrolytes, but also on an electrode material
used: its accessible surface area and pore size
distribution. With further potential Increase, anion
adsorption is assumed, playing an important role
in electrode charge balancing; however, cations are still
expelled from the matenal porosity or the electrode
surface [20, 22, 27, 47-49]. The differences in charge
storage mechanism during the electrode polarization
are clearly reflected in the wvolumetric changes
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of the electrode. The effect of solvent on the volumetric
changes of the electrode studied in an organic medium
is well pronounced; the larger the solvent molecules,
the greater the electrode expansion [42, 43]. It is worth
mentioning that the solvent effect was much more
pronounced for the negatively polarized electrode
than for the positively polarized one. However, solvent
molecules were detected within the porosity
of the material regardless the direction of polarization
[43]. These results allow for the assumption
of the significant impact of electrolyte pH on ionic fluxes
and the charge storage mechanism in agueous-based
EC.

The charge storage and ionic fluxes at the porous
electrode/aqueous electrolyte Interface are affected
by many factors and the electrolyte pH is one of the most
important ones. It has been claimed that in a pH-neutral
electrolytic solution, it is possible to increase
the maximum operating voltage of the cell above
the theoretical voltage of water decomposition (1.23 V).
This is attributed to the balance between HzO* and OH-
species, strong ion-solvent interactions and other factors
such  as reversible  hydrogen electrosorption
on the negative electrode. For electrolytes of acidic
or alkaline pH, the oxygen and hydrogen evolution
overpotentials are low and several unwanted reactions
(hydrogen/oxygen evolution, carbon oxidation,
and electrolyte decomposition) even at low capacitor
voltage may occur. Moreover, extreme pH values
negatively impact current collectors; typical corrosion
is expected at low pH, whereas a passive layer can
introduce another resistive component at high pH.
Both impede the current flow between the current
collector and the electrode, resulting in high cell
resistance. The possible issues listed above have
a negative impact on the cycle life of ECs. However,
itshould be noted that even under relatively mild
conditions (pH between 6-9), the local pH changes
nearly polarized electrode affect EC performance
and shorten its life [50].

Since several decades pH has been considered
as a 'measure’ of hydrogen ion concentration/activity
(pH=-log[Cx-:]); it is clear that each increase in pH unit
means an increase of an order of magnitude in H*
concentration Of course, the concentration of hydroxyl
groups also varies with the change in pH (pH+pOH=14).
Variable concentrations of H+ and OH- can significantly
impact the charge storage mechanism because not only
ions that come from the salt dissolved in water can play
the role of charge carriers. Interestingly, in EC operating
in acidic electrolyte, the EQCM detected an increased
contribution of protons (H*), or to be more specific —
hydrated protons (H3O*) [51, 52], in electrode charge
balancing [22, 47]. A similar effect was observed
for alkaline-based electrolytes; the charge
at the positively polarized electrode is (partially)
balanced by OH- anions [22].

Taking into account that the concentrations of H*
and OH- are definitely lower than the concentrations
of dissolved salt, one should consider further electrode
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charge balancing by cation and anions coming from
the salt used. A significant contribution of protons
and hydroxide anions in charge storage is attributed
to their outstanding ionic mobility. Theoretically,
the smaller the ion, the stronger its interactions
with water molecules, hence, the hydrated diameters
of (smaller) bare ions are de facto notably larger [53]
The comparison of ionic diameter and ion mobility
for the proton with Li* cation and hydroxide with SQa2
anions is presented in Fig. 1.

Grotthuss theory
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Fig. 1. Diameter of the selected bare and solvated ions and their
mobility [51-53]; mechanism of proton transfer based on the Grotthuss
theory.

The proton (hydrated or not), as an ion always
smaller than Li*, is supposed to be more mobile.
However, there is a huge difference in their mobility:
the value is almost one order of magnitude higher for H*:
3623 vs. 401 10% m2 s' V-'. Similar observation
can be made for OH- and SOs> mobility. The diameter
of these anions in hydrated form is comparable, whereas
the mobilty of OH- is definitely higher (20.64
vs. 8.29 108 m2 s' V-1, respectively). Mote that the values
presented refer to the nondiffusive transport of these
ions. The behavior of protons in water 1s descrnbed
by the Grotthuss mechanism, in which a proton
from a hydronium ion 'diffuses’ through a hydrogen bond
(network) to another water molecule (schematically
presented in Fig. 1). An analogous mechanism
for the hydroxide anion was described [51, 52]
and explains its high mobility.

It should be taken into account that, depending
on the pH of the solution, the number of cations
and anions solvated so that their mobility, as well as their
affinity to solvent molecules, can change. Therefore,
it seems reasonable to consider ionic fluxes under
various pH conditions

Measuring the height change of the electrode
during EC operation is expected to be extremely helpful
in describing the processes ongoing
at the electrode/electrolyte  interface.  Nevertheless,
a solely volumetric probing of the electrode is not
sufficient for a detailed description of the EC charging
mechanism because no iInformation on surface
interactions is provided by such a study. As already
presented, step potential electrochemical spectroscopy
(SPECS), developed by Donne and Dupont, allows
the current and capacitance to be resolved into several
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components — related to electric double-layer (EDL)
formation, ion diffusion, and other residual processes
[56, 57]. Hence, the SPECS data considered
with the dilatometry results enable identifying
and quantifying the ions responsible for the formation
of EDL at the surface of the porous material and within
pores. Thus, merging both techniques allows correlation
of the calculated diffusion parameter with the observed
ionic fluxes [20].

In this paper, the results from operando
electrochemical dilatometry coupled with SPECS
are presented. These two techniques were applied
to better understand and describe the fundamental
aspects concerning the behavior and solvation effect
of cations and anions at various electrolyte pH.
The results of this work provide useful information
in the development of energy storage and conversion
devices.

2. Experimental

2.1. Electrode material and electrolyte

An activated carbon (AC) YP-80 F (Kuraray®,
Japan) was wused as the electrode material
for the electrochemical tests. The AC (97%) was mixed
with a binder (3%) — 60% polytetrafluoroethylene (PTFE)
solution in water (Sigma Aldrich®, USA) in ethanol (96%,
POCH® USA) as a solvent. The slurry was mixed
at an elevated temperature (70°C) until the solvent
evaporated. The powder was then wet with ethanol
and the material was rolled to a film of 250 pm thickness.
The electrodes of 10 mm diameter (~9 mg) were cut
and dried at 120°C for 8 h.

Electrodes were characterized with Nz adsorption-
desorption at 77 K (ASAP 2460, Micromeritics®, USA)
The specific surface area was calculated using
the Brunauer-Emmett-Teller (BET) equation; two-
dimensional non-local density functional theory
(2DMNLDFT) was used to determine the distribution
of pore size within the material [58, 59].

Electrodes were investigated in several aqueous
solutions: 1 mol L-" Li2SO4 (298%, Sigma Aldrich®, USA)
of different pH — 6, 9 and 12, and in 1 mol L' LiOH
(=98%, Sigma Aldrich®, USA) of pH 12. Electrolytes
were prepared by dissolution of salt or LIOH in water
The initial pH (9) of Li2SOs4 was adjusted to pH 6
with H2SO4 (95%, POCH®, USA) and to pH 12 with LiOH.

The pH of the electrolytes was measured
with the S220 SevenCompact pH meter (a relative
accuracy +0.002, Mettler Toledo™; USA) at ambient
temperature.

2.2. Electrochemical dilatometry

Operando electrochemical experiments
were perfformed on the high-resolution (5 nm)
electrochemical dilatometer ECD-3-nanc (El-Cell®,
Germany) to measure the height change
of the electrodes during polarization. The electrodes
were separated by a stiff glass frit and a 0.26mm thick

GF/A glass microfiber membrane with a pore size 1.6 pm
(Whatman®, UK). Charge-induced height changes
of the working electrode were monitored. It is noteworthy
that the glass frit is fixed In position, hence
the dimensional change of the counter electrode did not
affect the measurement. The experiments
were performed in a two-electrode configuration
with the AC YP-80F-based quasi reference electrode
(hereinafter denoted as AC). Before the electrochemical
tests, the cell was kept at constant voltage for 6 hours
to allow baseline stabilization. The electrode height
change is expressed as a percentage, on the basis
of its thickness, or as a direct micrometric change.

2.3. Electrochemical protocols

Computer-controlled multichannel
potentiostat/galvanostat VMP3 (BiolLogic®, France)
was used for electrochemical investigations.
The experiments were controlled by EC-Lab® software
(BioLogic®, France).

Electrochemical techniques

The electrochemical studies involved cyclic
voltammetry (CV) at 1 mV s' in two-electrode
configuration and 05 mV s' in three-electrode
configuration. To gain more detailed information, large
amplitude sinusoidal voltammetry (LASY) was used.
In this technique, the scan rate is determined by applied
frequency. The frequency (0.15 mHz) was adjusted
to reproduce the scan rate applied in CV, since
dilatometric changes strongly depend on this parameter.

Raman spectroscopy

Operando Raman spectroscopy was incorporated
as a technique supporting the ECD. The spectra
were recorded on a DXR-2 computer-controlled Raman
microscope (ThermoFisher Scientific®, USA) with a 532
nm wavelength laser (power adjusted 8 mW)
within the wave numbers of 100 — 3565 cm~1.

The experiment was carried out in a typical three-
electrode cell with the electrolyte excess; the quartz
crystal electrochemical cell was assembled with a 5 mm
diameter AC electrode (working) and a platinum wire
as the counter electrode; Ag/AgCl electrode served
as the reference electrode. The examined AC electrode,
placed behind a quartz glass window on the gold current
collector, was exposed to the laser beam. Raman
spectra were recorded every 2.5 min during the LASV
experiment, with a frequency of 0.21 mHz.

Step potential electrochemical spectroscopy

SPECS experiment was carried out in the ECD
assembled with 1 mol L= LizSOs solution of pH 6 and 12
as the electrolyte. The electrode pretreatment
and the potential of the individual electrode
determination (Emin, Emax) involved three cycles of CV
between the cell voltage 0 — 1.6 V and 0 — -16 V
(1 mV s-'). Emax and Epj, were measured as +0.53 and -
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108 V vs AC for the electrolyte of pH 6 and +0.43
and -1.17 V vs. AC for the solution of pH 12. Before
the SPECS measurement, the system was held at Emi
for 30 min, to stabilize the current response. Afterward,
SPECS was performed on one electrode in the full,
previously determined, potential range. Starting from
the Enin, the potential was gradually increased by 10 mV
and held for 300 s at each potential step. After that,
the system was polarized in the opposite direction. Five
full charge/discharge cycles were performed.

3. Results and discussion

To wunderstand how pH variations influence
the characteristic of EC (the operating potential
of the electrodes, the current response,
and capacitance), the cells operating in 1 mol L' Li2SO4
solutions of different pH were charged up to 1.6 V.
The operating potential of the negative and positive
electrodes was determined in the two-electrode
configuration. After that, the working electrode
was polarized in a given potential range in the three-
electrode configuration with the CV technique (Fig. 2).
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Fig. 2. Cyclic voltammograms (0.5 mV s™) recorded for the electrode
negatively (a) and positively (b) polarized in sulfate-based electrolytes
of different pH and LiOH solution
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Moreover, the hydrogen and oxygen evolution
potentials (HEP and OEP, respectively) were calculated
from the MNernst equation and presented in Fig. 2.
However, one should consider that the calculated values
are valid only in the electrochemical equilibrium state;
hence, with applied polarzation, they can be slightly
shifted. Another issue concerns local pH changes during
electrode polarization that could seriously affect
the calculated HEP and OEP values [60].

The rest potential (OCP) strongly depends
on the solution’s pH — it is considerably shifted towards
lower potentials at the electrolyte of pH 12 in comparison
to the electrolyte of pH 6 and 9 This shift does not
straightforwardly follow the trend of 59 mV/pH decade
but is in agreement with the Pourbaix diagram and water
stability potentials — the higher electrolyte pH, the lower
OCP is expected [61].

When the electrode is negatively polarized
(Fig. 2a), the current response is comparable
for the electrolytes of pH 6 and 9, and no rapid current
increase was recorded despite the HEP exceeding;
the voltammogram only slightly deviates from the ideal
rectangular shape in both cases, denoting mostly
electrostatic charge accumulation. No redox reactions
related to the hydrogen storage process are assumed
due to the high overpotential of Hz evolution under these
conditions. It may again suggest that the pH increases
near the (polarized) electrode. The wvoltammogram
of the electrode operating in the pH 12 solution exhibits
a different character. The increase in current is seen
from the very beginning of charging, with the slope
change below -1.0 V vs. AC, which is in agreement with
the calculated HEP for this electrolyte (-0.93 V vs. AC);
the hydrogen reduction can be considered here.
The behavior of the electrode in 1 mol L-! LiOH solution
was investigated for comparison purposes.
As it was impossible to polarize the hydroxide-based EC
up to 1.6 V (electrolyte decomposition), the studies
were performed until the cell voltage was 14 V.
The recorded voltammogram is analogous to the one
recorded for the electrode operating in sulfate-based
electrolyte (of pH 12), showing a similar charge storage
mechanism. The difference is in slope change during
charging — the current increase seems to appear
at higher potential value, despite the narrower potential
range.

In the case of positive polarization (Fig. 2b),
the current increase at potentials higher than +0.3 V
vs. AC is seen for the electrolyte of pH 6. This result
is specific because the operating potential
of the electrode (+048 V vs. AC) is below the OEP
(+0.66 V vs. AC). It indirectly indicates a remarkable local
pH increase during polarization that results in a shift
of the equilibrium potential. The OEP was exceeded
for the solutions of pH 9 and 12; however, no peaks
are visible at the CV profiles recorded for these
electrodes. Apart from the current Iincrease
at the electrolyte of pH 6, the data obtained
is comparable for pH 6 and 9. In the case of the electrode
working in the alkaline sulfate solution and the hydroxide-
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based electrolyte, the voltammograms' shape differs
from that previously discussed. The OCP values
are obviously shifted, but also the recorded current
is lower, suggesting lower capacitance. Moareover,
for the cell with LiOH solution, a rapid current increase
is seen above +0 25V vs. AC (just after OEP exceeding)
and its response is visible during discharging,
an increase in current measured below -0.1 V versus AC.
The presented data lead to the conclusion that
the charge storage mechanism is similar for electrodes
operating with sulfate-based electrolytes of pH 6 and 9.
In the alkaline electrolyte similar ion movement
and the electrode behavior to those observed in LIOH
as the electrolyte can be assumed. The dilatometry data
are expected to help to substantiate this assumption.

The dilatation changes vs. potential are presented
in Fig. 3. It is worth mentioning that the presented
dilatation is a relative value. The electrode height change
equal to zero is set to be at the same potential (0 V
vs. AC) for the data presented below.
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Fig. 3. Changes in electrode height in the function of potential applied
for the electrodes polarized negatively (blue curves) and positively (red
curves) in 1 mol L' Li2SOs of pH (a) 9 and (b) 12, as well
as in (c) 1 mol L LiOH.
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As the greatest differences in electrode height
changes were observed for those operating
in electrolytes of pH 9 (Fig. 3a) and 12 (Fig. 3b),
these two results are compared (a detailed description
of the electrode behavior operating in electrolytes
of pH 6 and 9 will be provided below with the LASV
results). If consider the polarization from the OCP down
to lower potentials, where the perm-selective mechanism
with the cations insertion 1s assumed (anions volume :
cations volume denoted as 0:V;), the electrode

expansion was recorded. However, the character
of the electrode  height change differs in both
electrolytes. In the case of the solution of pH 9 a linear
increase of the electrode height change is seen down
to-0.6 V vs. AC with a slope of 28°; below this potential
the electrode expands even faster as the slope is 42°.
It suggests that small cations (H3O0*) penetrate
the porosity of the material first and after more bulky
cations (solvated Li*) contribute to the charge balance
of the electrode. The second possibility is related
to the texture of the material. The pore channels may
be the widest at the entrance, hence cations, both Li*
and H3zO* can easily move in, without any remarkable
electrode height change. However, with a potential
decrease, the ions are pushed deeper into the narrow
channels, and the electrode expansion rate is higher.
Moreover, a hysteresis loop is visible — despite
the polarization change, an increase in the electrode
height is seen, suggesting the delayed ion response
to the polarization change. The mechanism of positively
charged ions expelling from the material porosity with
the potential increase appears to be similar to that
observed during electrode charging: more pronounced
electrode shrinkage at the beginning, when larger
cations move out of narrow pore channels, and mild
electrode height changes closer to the OCP. All changes
are reversible in the applied potential range.

When the electrode is polanzed from the OCP
to higher values, shrinkage of the electrode is still
observed, meaning that ions leave the porosity.
In the potential range from -0.1 to +0.15 V vs. AC,
no change in electrode volume was recorded. It may
suggest that the cations are continuously evacuated
from the material, and simultaneously the anions enter
the pores, and their volume is balanced (Va=Vc).
This effect is called ion exchange. With further potential
increase, the electrode expansion is seen. However,
taking into account the size of anions and cations present
in the electrolytic solution, which are at least comparable
S042=0H=H*, only Li* is slightly larger than the others,
the dilatation for both polarizations was expected
to be similar. However, the difference in the electrode
height change recorded for the negative and positive
polarization is notable — 0.64% vs. 0.09%; the slope
of the change is also smaller (15°). Here, we postulate
that above +0.15 V vs. AC anions are adsorbed
and cause an increase in electrode height but cations
are still expelled from the material (V> V:). The proposed
mechanism is in agreement with the one described
by Wang et al. in IL as the electrolyte [27].

The dilatometry data recorded for the electrode
operating in the alkaline electrolyte (Fig. 3) is evidence
of charge storage mechanisms different from those
postulated on the basis of the voltammograms. Going
into details, during polarization toward negative
potentials from the OCP the electrode expansion
is observed (0:V;). However, it should be taken into
account that the increase of the electrode height started
much above the OCP. For easier comparison
with the results discussed above, the negative
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polarization will now be considered from the same
potential as it was for the electrolyte of pH 9, 1.e. -0.22 V
vs. AC. Continuous electrode expansion was measured
in the analyzed potential range. A linear increase
in this parameter was determined to be -0.65 V vs. AC,
with a slope of 31°. Below this potential, the electrode
expansion rate is even higher — the slope of the curve
increased by 9°. These values are comparable to those
calculated for pH 9. However, there is no such well-
pronounced hysteresis loop. The electrode height
increase after the change of polarization direction
issmaller. It suggests that the cations move out
of the carbon porosity easier at higher pH.

When the electrode is polarized toward higher
potentials, the electrode shrinkage Is observed
and the rate is constant between -0.65 V and -0.15 V
vs. AC. Unlike the data obtained at pH 9, there is no
plateau at pH 12 - with increasing potential,
the electrode volume decreases. Therefore, no ion
exchange region can be distinguished, where the volume
of adsorbed anions is equal to cations desorbed (Va=Vc)
The electrode height change above -0.15 V
up to +0.44 V vs. AC can be described as a polynomial
function of degree two with the minimum reached
at +0.37 V vs. AC. Up to this potential, evacuated cations
are believed to be responsible for positive polarized
electrode charge balancing (Va<V:). At potentials higher
than +0.37 V vs. AC, an increase in the electrode volume
was measured, therefore, anions are mainly considered
to contribute to the formation of EDL (Va>V¢).

As the differences of the electrode behavior at pH
9 and 12 are the most pronounced for the positive
polarization, it can be assumed that various anions
are responsible for charge balancing within
the electrode. In order to identify the ionic fluxes
at various pH levels, the dilatometric changes recorded
in sulfate-based electrolytes are compared with those
recorded in 1 mol L' LiOH (Fig. 3c). As already
mentioned, the voltage applied for the cell operating
in LIOH solution was limited to 14 V. However,
in the potential range presented, the electrode behavior
is analogous to that exhibited by the electrode operating
with alkaline LizSOa4 solution. During the polarization
toward potentials lower than the OCP, the electrode
expansion is observed. It is worth mentioning that when
the polarization changes, the cations move very quickly
from the porosity. The shift in time of this response
is smaller than in the previous cases. When the electrode
was polarized to higher potential values, continuous
electrode shrinkage is observed up to maximum applied
potential, suggesting that the volume of adsorbed anions
is lower than the volume of cations (Va<V.)
Approximately at the same potential at the electrolyte
ofpH 12 the minimum dilatation was recorded.
The compared results clearly demonstrate
that in the case of both LIOH and alkaline LizSOs
solutions, the same ions are involved in the electrode
charge balancing. Hence, due to high concentration
and mobility of the hydroxide anion, this ion is initially
attracted to the electrode surface from the electrolyte
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of pH 12 and the electrode expansion caused by S042
is seen at relatively high potentials. At the electrolyte
of pH 9 penetration of pores by sulfate anion, visible
as the electrode height increase, is seen at lower
potentials because of the higher S04>-0H- ratio.

The results of cyclic voltammetry provided general
information on the electrochemical behavior and volume
changes of the polarized electrode at various pHs,
showing the similarities and dissimilarities between
the electrolytes used. In order to explain the ambiguous
mechanism of charge storage during positive
polarization, the LASV technique was applied.

Fig. 4 presents the voltage (grey dashed line)
and the current (red dashed line) in time recorded
for the polarized electrode in sulfate-based electrolytes
of different pH.
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Fig. 4. LASV profiles, presenting the phase shift between the applied

voltage, the recorded current (dashed ling) and the sinusoidal fitting

(solid line) of the current in time for cells assembled with 1 mol L

Liz50 of pH 6 (a), 9 (b) and 12 (c).

In the LASY technigue, the voltage applied
periodically varies as a sine wave. At the same time,
the current is registered. In the case of ideal capacitive
character, the current leads the voltage by ¢=+90°.
It is said that these parameters are shifted in phase. Any
deviation from this ideal phase shift denotes changes
inthe charge storage mechanism. A phase shift
approaching 0° indicates increasing contribution
of resistive character (for the resistors the voltage and
the current are in one phase), here denoting certain
redox processes.

To investigate the impact of pH on the charging
mechanism, the electrochemical cell was polarized in
a two-electrode configuration from -16 V to 16 V.
The investigated electrode was repolarized to describe
its behavior during both polarities. The LASVY profiles
are presented in Fig. 4. For current recorded the sine
function was fitted to the expernimental data (sold red
line) and the phase shift was determined based
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X-Xg

on the equation: y=yO+A-s."n (rr- ' where y, — offset, A

w
— amplitude, xc — phase shift and w — period.

A scan rate is vanable In the LASY - the higher
the cell potential difference, the slower the scan rate.
Therefore, the redox activity and electrolyte
decomposition are revealed at a low scan rate at the
maximum and minimum applied voltages. As expected,
similarities are observed between the electrolyte of pH 6
(Fig. 4a) and 9 (Fig. 4b). The deviations of the current
curve have the same character, and they occur
at the same time. Phase shifts determined in both
electrolytes are equal to 23.5°. In the case
of the electrolyte of pH 12 (Fig. 4c) the peaks are also
seen at the highest cell potential difference. However,
they are shifted in time if compared to those registered
for pH 6 and 9. The phase shift is 22.4°. For comparison
purposes, a commercial EC based on organic electrolyte
was tested under the same conditions, and its phase shift
was found to be 20.3°.

As the analysis of the electrode height change
as a function of voltage/potential applied provided only
a general picture of the processes ongoing during the AC
electrode polarization, it is worth considering
the recorded dilatation vs. charge stored presented
for sulfate-based electrolytes of pH 6 (Fig. 5b), 9
(Fig. 5¢) and 12 (Fig. 5d). The charge was calculated
from the current in time integration and presented
as the absolute value.
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Fig. 5. LASV profiles, presenting the changes in cell voltage in time
(a)and the changes in accumulated charge and electrode height
simultaneously for cells assembled with 1 mal L' LizS04 of pH 6 (b),
9 (c) and 12 (d); dilatometry recorded during insertion of the cations
at the beginning of negative polarization (e).

Fig. 5a presents the cell potential difference
in time — the cell was polarized from 0 V down to -1.6 V
and up to 1.6 V; the charge stored and the electrode
height changes are presented for the negatively
and positively  polarized electrode, respectively.
The minimum/ maximum cell potential differences,
as well as 0 V, are marked as the dash-dotted blue/red
and grey lines to facilitate careful data interpretation.

The charge exhibits the same trend, regardless
of the electrolyte used - it obviously increases
with increasing voltage, reaching 160 A s g' at pH 6,
and 170 A s g' at pH 9 and 12 (Fig. S1).
The characteristic of charge accumulation during
charging is comparable for all the systems.
MNevertheless, when the polarization direction
is changed, this process is slower in the case of the
alkaline electrolyte. It can be suggested that the charge
carriers are not easily expelled from the material.
Moreover, during discharge, the charge accumulated
on the negatively polanzed electrode i1s not fully
recovered. There is still 50, 50 and 70 A s g-' stored
at 0 V in the case of the electrolyte of pH 6, 9 and 12,
respectively. When the cell is polarized up to 16 V,
the amount of charge accumulated on the electrode
isthe same as in the case of a 'negative’ voltage
and certain charge remains in the system at 0 V.
Thecharge loss is related to the redox
reactions/electrolyte decomposition, which were seen
on the specific current curve at LASV profiles (Fig. 4).

With a comparable amount of charge stored
at the negatively polarized electrode and the same
cations in the electrolytic solution taken into account,
the dilatometric changes are expected to be similar
as well. The maximum electrode expansion reaches
0.65 — 0.68% (Fig. 5b, ¢, d). However, it Is clearly seen
that electrode swelling has a different character
in 'neutral' electrolytes compared to alkaline one.
When the cell is being charged from 0 V down to -1.6 V
(the beginning of this process is presented in Fig. 5e),
the electrode height change is slower for the electrolytes
of pH 6 and 9 (the slope is 56° vs. 65° for pH 12).
We assume that the reason for those differences comes
from Li*/H* concentration ratio and solvation shell
of the cation. The mild change in electrode height can be
attributed to protons adsorption. Because of their higher
concentration at lower pH wvalues and high mobility,
they can reach the electrode surface faster than larger
and slower Li* cations, but not cause such a fast
electrode expansion. With further negative electrode
polarization (when -0.9 V is exceeded), the slope of the
height change is comparable to the one measured for pH
12 It means that by this cell potential difference,
the cations of similar diameter are responsible
for the charge accumulated into the electrode. Just
before reaching the minimum voltage, the electrode
dilatation is even slightly faster for electrolytes of lower
pH (6 and 9), suggesting that larger cations are attracted
to the electrode. It is in agreement with the theory of the
solvation shell of the cations at various pH — the highest
solvation occurs at neutral pH. Hence, the solvated Li*
cation 15 bigger and not as mobile in the case
of electrolytes of pH 6 and 9, in comparison to
the solution of pH 12, therefore, it moves into the porosity
as the last one. The recorded electrode height change
in the alkaline electrolyte is linear as long as the charge
increases linearly. It suggests that only solvated Li*
cations penetrate the electrode porosity or that protons
are attracted to the electrode surface simultaneously
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with Li* and that the recorded dilatation is rather related
to the accumulation of the bigger metal cations.
When the cells are discharged, the dilatometric response
is analogous to the charging process; in the case
of electrolytes of pH 6 and 9, first cations with high
solvation degree are expelled from the material, causing
delay (because of low mobility) but noticeable (because
of size) electrode shrinkage. Then, approaching -0.2 V,
the electrode height change slope decreases, indicating
that the protons are moving out. In the electrolyte of pH
12, this change is linear. When the voltage reaches 0 V,
the electrode height change is not equal to 0, which
is related to the previously mentioned charge stored
despite the theoretically discharged cell.

During the cell polarization towards 16 V,
the charge accumulated at the positive electrode
is the same as it was in the case of the negative one.
Moreover, the charge loss is the same; it shows that the
charge is well balanced at both electrodes. It is known
that anions (here S0s* and OH-) are atiracted
to the positively polarized electrode in order to balance
its charge. When the ions diameter was taken into
account, the electrode height changes were expected
to be similar or slightly lower if compared to the negative
polarization. However, it is seen in Fig. 5,
that the difference between both polarities is significant.
The height increase of the electrode operating
at the electrolyte of pH 6 and 9 reaches 0.09%
and 0.12%, respectively, while at pH 12 this value
is even noticeably lower than the initial: -0.11% (for the
electrode negatively polarized, this change reached
almost 0.7%). It can be caused by the already reported
charging mechanism for the positively polarized
electrode, where the charge is first balanced by cations
expulsion and then, at higher potentials, counterions
are attracted to the electrode [27].

Herein, initially, with increasing the woltage,
the electrode height decreases (according to decreasing
charge) in all tested electrolytes. The minimum value
in mild electrolytes is reached at 0.45 V (pH 6) and 0.37
V (pH 9). Subsequently, electrode expansion is observed
to reach 1.6 V, reaching a similar electrode height
change at both electrolytes. In the reversed process,
when the voltage decreases, the electrode shrinkage
is seen. The rate of these changes is comparable in both
cases (small differences can be related to the natural drift
of the ECD or slight temperature variations)
and the minimum dilatation was recorded at the same
voltage (0.29 V). Taking all the above-mentioned results,
the same anion (or anions) is supposed to be responsible
for charge balancing during positive polarization at pH 6
and 9, confirming the preliminary assumptions made
based on the cyclic voltammetry results.

As already noticed, both electrochemical behavior
and electrode height change for the electrolyte of pH 12
are significantly different from those obtained under
milder conditions. The LASV results, presented
in Fig. bd, are consistent with the previously gained
data. Despite the increase in voltage, the electrode
shrinkage was recorded to 1.2 V, reaching -0.12%.
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With further positive polarization, a very small electrode
expansion is seen. Bearing in mind that the charge
is balanced by the anions, such a slight dilatation may
be counter-intuitive. However, data recorded at lower pH
values and literature reports clearly demonstrate that
anions accumulate within the porosity of the material [22,
37, 44, 48]. One needs to remember about the definitely
higher concentration of very mobile OH- in alkaline
medium (six orders of magnitude higher if compared
with pH 6). Hence, this anion is mostly considered
to be responsible for the charge balancing
of the positively polarized electrode. Its solvated size
is comparable to the size of SO42- thus a high degree
of OH- desolvation is assumed. As a conseguence,
with increasing voltage, the bulky lithium ions are
expelled from the material and smaller desolvated OH-
ions take their place, which is seen as the prolonged
electrode shrinkage. At adequately high voltages,
when the SOs% ions are attracted to the electrode
and the Li* ions are not evacuated from the porosity
(or their evacuation is not as fast as at lower voltages),
the electrode expansion is visible. It should also be taken
into account that sulfate anions might be attracted only
at the electrode surface without causing any electrode
swelling. When the cell is discharged, the processes
are reversed — the anions (first SO42- and then OH-)
are moving out from the electrode and the cations
penetrate the porosity.

The results obtained with the LASV technique
are in accordance with the CV data. The current
response, as well as the dilatometry results,
are comparable with cycles. To look at the ongoing
processes from  another perspective, Raman
spectroscopy in  operando mode was chosen
as a supporting technique. As activated carbons
are made up of C-C bonds, Raman spectroscopy
is sensitive to changes in their orientation. Therefore,
to study the changes of carbon electrodes, the most
important are the bands corresponding to the ordered
and defected structure of the material. The former
is named the G-band (~1580 cm™') and originates from
the C-C stretching vibration, while the later one — D-band
(~1355 cm-') comes from a decrease in the graphite
lattice and carbon disordered structures [62, 63].

The LASV experiment with a relatively low
frequency applied (because of high resistance within
the typical three-electrode cell) was performed.
Simultaneously, the electrode dilatation with ECD
was measured with the same experimental setup.
The experiments were performed in 1 mol L' Li2SO4
of pH 6 at the potential range determined in the ECD
(from +0.47 V down to -1.13 V vs. AC). The potential
and the electrode height change in time (for one cycle)
are presented in Fig. 6a.
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Fig. 6. LASV profie of one cycle in three-electrode configuration,
presented as the potential change in time with the electrode height
change recorded (a) and Raman spectrum (heat map), at specified
Raman shift range: 1100 — 1900 cm™', obtained during operando
measurements (b); intensity changes of the D and G bands (c).

The electrode was polarized from the maximum
potential to the minimum potential. The trend
in dilatometry results is comparable to the previously
recorded data (Fig. 4), showing that despite the slower
sweep rate, the electrode height change range is equal
to 0.7%. Fig. 6b presents the Raman spectra in the form
of a so-called heat map of the polarized electrode
(Raman shift range limited to 1100 — 1900 cm-! to easily
follow the intensity changes of the D and G bands).
Onthe basis of such an experiment, it is possible
to monitor the whole spectrum changes in time, as well
as to study the intensity of the selected band. It is seen
that both D and G band change their intensity during
electrode polarization (Fig. 6c). The intensity ratio
of the bands clearly changes. However, if these changes
are compared with the fluctuation of the potential,
itis seen that the Raman response is, somewhat,
delayed. This shift was described to be related to a better
pronounced Raman signal during the desorption
of gaseous products rather than during their adsorption
[64]. Therefore, in this experiment, all changes
in the material are seen for the ions moving out
of the porosity of the electrode.
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Fig. 7. Raman spectra recorded at maximum and minimum potential
during the LASV experiment...

As the G-band intensity increases and its position
slightly changes after reaching maximum/minimum
potential (Fig. 7), it can be concluded that the distance
between the graphene layers increases. Moreover,
the variations of intensity are more noticeable when
the electrode is negatively polarized. The change
in the D-band position is also significant, showing
that the ions are inserted between the graphene layers
and the number of defects in the carbon matrix
increases. Hence, Raman spectroscopy results confirm
different mechanism of charge storage if the results
are compared with negative polarization.

The last analysis was performed with the SPECS
technique. The results provide information about charge
accumulation and ion fluxes in the vicinity
of the polarized electrode. The parameters obtained
with this  technique can thus be correlated
with the changes in electrode height. The fit curves (/)
were matched to the experimental current curves (lexs;
registered at each potential step). Each total /s current
consists of four components (ls=Is+lc+lptlg): current
related with EDL formation in the bulk electrode (porous
surface; Ip) and on the outer surface (geometric surface;
lg), the current connected with ion diffusion (/p),
and the equiibrium current (lg) attnbuted to side
reactions. Each current component is characterized
by individual parameters. For the purpose of this study,
we consider resistance of EDL formation (R; ohm)
and differential capacitances (C; F). The product of R

and C gives the time constant (1, 5) of EDL formation.

The charge delivered to the system necessary for EDL
formation is specified by the normalized diffusion
parameter (B; A s°%). The profiles of individual
parameters are summarized in Fig. S2 for five cycles
of the electrode repolarization at the full potential range
(determined during two-electrode with the reference
experiment at 1.6 V) for the systems operating
in 1 mol L' Li2SO4 of pH 6 and 12. Here, only extreme
pH values were taken into consideration, because of high
similarity in the electrochemical and dilatometric
response registered in electrolytes of pH 6 and 9
(confirmed by the previously presented results in Fig. 2).
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For both systems, the reproducibility of the results
ineach cycle is very high. The identical systems’
response is observed for the given potential Such
reproducibility proves the system stability during
the operation despite the harsh conditions of SPECS
experiments.

Data from the first repolarization cycle for both
electrolytes are presented as voltammograms (Fig. 8).
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Fig. 8. SPECS results presented as voltammetry profiles for ECs
operating in 1 mol L' LizS0s of (a) pH 6 and (b) pH 12.

The Iy curves perfectly reflect the profiles
of the voltammograms represented by [z,,. It proves high
coefficient of determination. The results for both
electrolytes differ significantly from each other.
For an electrolyte of pH 6 (Fig. 8a; zoom in on data
presented in Fig. $3) the Iz current is a significant share
of Ilx. There is a noticeable additional contribution
of the e current (however, much lower than the /g).
The surface in the electrode bulk is much more
developed than the surface remaining in direct contact
with the electrolyte. Theoretically, the porous structure
should accumulate more charge. This phenomenon can
be explained by the limited insertion of ions into
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the electrode bulk caused by the retention of large SQ4%
ions at the entrance to the micropores (on the surface
ofthe external electrode surface) It leads
to the accumulation of ions in the EDL diffusion layer
inthe mesopores and increase in Iz response.
With increasing potential, the current increase at Epmax
is observed, indicating electrolyte decomposition
and possible oxygen evolution. The evolution of oxygen
in the form of a gas leads fo the reorganization of ions
in the mesoporous EDL layer and leads to a partial ion
takeover from the outer electrode layers into the pores
(increase in lp and decrease in lc near Epg). The I
current, strongly affects the total lw The greater
the redox activity, including the electrolyte
decomposition, the greater the lz. This is confirmed
by the rapid increase in this current response at Epmax.
Based on our knowledge, previously performed
experiments  and mathematical considerations,
itis known that the share of the [ decreases
with the data recording time shortening at a specific
potential step. However, in order to fit the /s curves to lexwp
and obtain satisfactory insight into the behavior of both
systems at the given potential on the electrochemical
dilatometer, it was necessary to apply five-minute steps.
However, both systems are characterized by relatively
high stability under these conditions. As mentioned
earlier, the electrolyte decomposition 1s noticeable only
near Emax. However, this potential is still far from
the theoretical OEP (+0.66 V vs. AC). On the other hand,
at Emin, there are no signs of electrolyte decomposition
and hydrogen evolution despite the definitely exceeded
HEP (-0.57 V vs. AC). It indicates a high overpotential
for H2  evolution, suggesting local pH change
(alkalization) during electrode polarization, causing
the HEP and the OEP to shift towards lower values.
The results are consistent with the voltammograms
presented in Fig. 2. Completely different behavior
is observed for the EC operating in the electrolyte of pH
12 (Fig. 8b). Here, the total /% varies significantly
over the entire potential range. In Emin and Emax, much
more pronounced electrolyte decomposition is evident,
if compared with the results presented for the electrolyte
of pH 6. Electrolyte decomposition occurs near the OEP
(+0.30 V vs. AC) and the HEP (-0.93 V vs. AC). It can be
assumed that the safe operating potential range of such
a system is narrower than for Li2SO4 solution of pH 6.
Moreover, a much smaller difference between Ig and Ip
is seen than in the previously discussed electrolyte.
In this case, the amount of charge accumulated in the
bulk and on the outer surface is comparable (excluding
the extreme potentials) The decrease in Ig
and the increase in Ip response lead to the conclusion
that much of the available charge penetrates
the micropores. This is consistent with the presence
of alarge number of small OH- ions which easily
penetrate micropores. Similarly, as for pH 6,
the dominance of Ip share over lg takes place at Eqax
and En,, where the electrolyte decomposition
is observed more. It should also be mentioned that
the total /s response is dominated by the Iz, Additional
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side reactions are registered throughout the potential
range.

Fig. 9 presents the calculated SPECS parameters
and the changes in electrode height. To present the
result clearly and ease the interpretation of the data,
it was necessary to choose a common starting point,
which is Enpn (because of the different potential ranges
at various electrolytes' pH).

m

Lalalal

I P P P P TP P P P P I TP P |

Fig. 9. Parameters calculated based on the SPECS technique
for the first cycle of electrode repolarization in the full potential range
{for the maximum voltage 1.6 V) for the cell with 1 mol L' LizSO4 at pH
6 and 12: (a) change in electrode height change Ah; (b, d) porous
and geometric resistance R; (¢, e) differential specific porous
and geometric capacitance C; (f, g) time constant T of EDL formation
within porosity and electrode surface, and (h) specific normalized
diffusion parameter B.

The dilatometric response for pH=6
is reproducible over five cycles of electrode
repolarization (Fig. S2a). The dilatometric change
(for the first cycle, presented in Fig. 9a as a red curve)
is symmetrical — the change recorded from Emin t0 Emax
looks like a ‘mirror reflection’. It indicates fully reversible
and repeatable ions movement as well
as insertion/deinsertion into/from the material porosity.
Furthermore, the difference in electrode height between
Enmin and Emax 1S less pronounced than the change
recorded during the LASV experiment. It is probably
caused by deeper penetration of S04% ions into
the electrode or a higher number of adsorbed anions,
because of a much slower scan rate and a longer hold
time at maximum potential.

The dilatometry profile of the electrode polarized
in the alkaline electrolyte is also presented in Fig. 9a

(green curve). The significant and relatively sharp
(if compared with the dilatometric response observed
previously in Fig. 3b and Fig. 5d) of the electrode height
close to Epae is seen. This increase is caused
by the adsorption of S04 ions at an extremely low scan
rate (here ~0.033 mV s'); therefore, such an increase
was not observed when CV or LASY techniques were
used with a scan rate ~1 mV s, where the electrode’s
charge balancing was connected to OH- adsorption
rather than bulky SO:2-. Under these conditions (very low
scan rate, relatively high potential value,
and, consequently, high driving force), low-mobility SO42
can be adsorbed into the pores of the positively polarized
electrode. When the polarization is changed and directed
toward negative values, the dilatometry response is not
symmetric (like it was observed in the case of pH 6). After
reaching Emsx, the electrode continuously increases
its volume, indicating further adsorption of SO42- anions
(down to -0.1 V after Emax €Xxceeding). The dilatometric
response is constant at relatively high potentials,
suggesting that sulfate anions can be partially trapped
in the pores or their desorption from the material is a very
slow process, and hence there is no significant electrode
height change. The other possibility is an exchange
of equilibrated ions — SOs+Z- anions leave the porosity
and their place is immediately taken
by partially/completely desolvated Li* cations.

The balance of one divalent anion can be done
by two monovalent cations and the size of the sulfate
anion is comparable to that of two lithium cations.
In the next stage, as the potential approaches Emin,
a significant change in the height of the electrode
is observed indicating that Li* is adsorbed
(as discussed). Aftention should also be paid
to the dilatometric response which changes over cycles;
hence it is not fully reproducible (Fig. $2b). If SO4% ions
are frapped inside the material, a significant loss
of charge would be expected during discharge
of the system. The charge loss was shown
to be comparable for both polarities in the case
of electrolytes of pH 6 and 12 (Fig. S$1). In this
connection, the theory of quite fast anions/cations
exchange seems to be more appropriate. This non-
reproducible change in electrode height can be related
to irreversible changes in the porous texture
of the material. Micropores may increase their size,
and hence, the insertion of ions will not be well-
pronounced anymore during ECD experiment.
Furthermore, at the positive potentials, participation
of OH-in EDL formation is expected (due to the very high
concentration of OH-, compared to its number
in the electrolyte of pH 6). However, because of the small
diameter of this anion, its impact on the dilatometry
response can be difficult to notice.

As the resistance Rp (Fig. 9b) and capacitance Cp
(Fig. 9c) are directly related to each other, these
parameters will be discussed simultaneously. The Rp
for pH 6 is strongly disturbed and takes higher values
compared to pH 12. However, Cp values are much lower
in the electrolyte of higher pH. This result confirms
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the difficulty in penetrating large SOs* in the bulk
and the ease of effective EDL formation by OH-.
At the same time, attention should be paid to parameters
related to the EDL formation on the electrode surface
that i1s easily accessible for the ions (Fig. 9d and e).
The Rg for pH 12 is two times higher and the Cg is two
times lower than those components calculated for pH 6.
This leads to the conclusion that SO+ ions in pH 6
are willingly attracted to the electrode, but they remain
on its surface (with limited penetration into the porosity).
The basic criterion for assigning the index ‘P — porous’
and ‘G — geometrical to the R and C parameters
was the value of the time constant. The EDL formation
is faster as the electrode surface is easily accessible
to ions (geometric surface). For the electrolyte of pH 6
(Fig. 9g), the Tg has an almost constant value
throughout the polarization range, demonstrating that
there is no disturbance in EDL formation. In the alkaline
solution, the Tp has variable values (Fig. 9f), depending
on the driving force of EDL formation, that is, the applied
potential Interpretation of Te may be a bit more difficult
due to large fluctuations for the electrolyte of pH 12
(caused by high Re noise for this electrolyte) However,
based on the trend observed in RP, the system with pH
12 is characterized by a lower value of Te. Significant
differences in the wvalues and curve profiles
can be observed for parameter B (Fig. 9h).
For the electrode polarized in the electrolyte of pH 6, the
charge needed for the ions movement/transport is much
higher compared to the charge necessary in pH 12
This result is logical and coherent if takes into account
lower Li and S04 mobility (4.01
and 828 10®% m2 s' V-, respectively) in comparison
to OH- mobility (2064 10® m2 s' V-'). This relates
particularly to SO42- transport (in the electrolyte of pH 6)
for which a large increase in the B value at Emax
is observed. The changes Iin parameter B
are incomparably smaller in the case of the pH 12
solution, which results from the ease in the diffusion
of highly mobile OH-.

Conclusions

1. The electrochemical behavior of 1 mol L' Li2SO4
strongly depends on the pH of the electrolyte.

2. There is a significant alkalization of the electrolyte pH
near the electrode during EC operation.

3. The 1 mol L' Li2SOs electrolyte of pH 12 exhibits
a behavior similar to the LIOH-based system.

4. Repolarization of the electrode and its polarization
separately at positive and then negative polarization
gives a similar dilatometry response.

5. Electrode height changes measured with different
technique (CV, LASV) give the same reproducible
results if the experiment conditions are comparable.

6. The mechanism of charge storage strongly depends
on the electrolyte pH; at pH 6 and 9 ongoing
processes are comparable, whereas at pH 12
the differences are visible, especially during positive
polarization.
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7. The higher the electrolyte pH, the higher the OH-
contribution to EDL formation.

8. The fransport of SO42- anions requires a very high
driving force.

9. EC operating at pH 6 electrolyte is more stable
and the textural changes of the electrode
are reversible, even under very harsh conditions.

10.50+> anions cause irreversible changes within
the material texture.
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11. Computer software

Title: SPECSTit - application for data conversion from Step Potential
Electrochemical Spectroscopy technique

Authors: Przemystaw Galek, Maciej Staszak, Krzysztof Fic

SPELGSFIT

Motivation

The motivation for creating the ‘SPECSit’ software was the need to reduce
the time spent on calculations and to increase the possibility of controlling
the obtained results recorded with the Step Potential Electrochemical
Spectroscopy (SPECS) technique. In the initial stage of using this technique,
the recorded data was processed by the Origin® program, which did not allow
automatic counting of the entire spectrum of the collected data. So far, only
selected current curves recorded at a given potential step have been manually
adjusted. It was related to the limitation of the time devoted to manual counting.
The result of this procedure was to obtain results from only a part of a large data
set. The generated charts were not liquid and often did not allow for a reliable
interpretation of the results obtained. It was necessary to develop a tool allowing
for quick data processing, calculations of the entire range in which they were

collected, and real-time visualization of the obtained electrochemical parameters.

Summary

As a result of cooperation with Dr. Maciej Staszak, a ‘SPECSfit’ computer
program was created to automatically process the results obtained
with the SPECS technique. The program is based on the Visual Basic.NET
programming language, and it can run on any computer operating system.
‘SPECS(it’ is compatible with BioLogic Science Instruments EC-Lab® software.
The data are loaded into the program with the Microsoft Project Template (MPT)
file extension. The finally converted data are obtained in the Microsoft Excel Open

XML Spreadsheet (XLSX) file. This file is automatically created when
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the calculation procedure is started in the ‘SPECSit’ program. Data are collected

systematically as the implementation of the calculation procedure progresses.

The application also enables visualization of the electrochemical parameters

calculated on graphs in real time.

Program description

The SPECSfit program dialog box is shown in Fig. 7.
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€2 1,100,50
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233

Fig. 7. Dialogue box of the ‘SPECS(it’ program.

In this area, it is possible to select the language (English/Polish) in which
the program dialog window will be displayed.

‘Open’ button opens the source where the data are to be loaded from
to the application. This source is previously exported as an MPT file from
the EC-Lab program. The MPT file must be in the same folder as all
‘SPECSHit’ related files.

The uploaded data are displayed in this area as sections. Each section
represents a step potential for which data was recorded. In addition, next
to the section, the range of time (in seconds) in which the data
was collected during the experiment appears.

The value of ‘Step dt’ is usually read by the program automatically

and means the time interval (in seconds) at which the points
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of the recorded current curve were collected. This value is read from
the specific line of the MPT file. However, the latest versions
of the EC-Lab program do not always provide this value in the MPT

source file.

— The ‘Unit multiplier’ settings allow a quick change in the decimal place

of the results obtained.

In this area, the user can choose one of the four options. 1) ‘ModellV6
(11 and 12)’ where the component corresponding to the formation of EDL
is divided into two components (porous I1 and geometric 12). 2)
‘ModellV4 (1)’ where the porous and geometric components are summed
to one common component I11. 3) and 4) ‘Diffusion model’ where basic

equation for diffusion current ID appears in tabs 1) and 2):

) B
ih=—=
D t0'5

is divided to an equation with more detailed parameters:

 FDAC - k*Tr2Dt
=g (142 ) exp(-—5—))
k=1

In the given area, it is possible to make changes in the value range
of individual components when calculations are realised. The first value
is the initial value (always lower), the second one is the final value
of the range (always higher). Selecting the range as close as possible
to the final values increases the speed of the calculations performed.
The third value in the line is the step at which the calculations
are performed. The number of loops performed on the basis
of the entered limit values and the number of steps performed
is automatically displayed in the window. It is recommended to adjust
the start values so that the number of loops ranges from 17 to 84.
Too small loops number increases the calculation error, while too many

loops unnecessarily extend the time of data processing without a further
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11

12

error value reduction. A description of individuals' parameters is given

below (more details are given in Chapter 4).

R1, R2 — porous and geometric resistance (ohm)

C1, C2 — porous and geometric differential capacitance (mF)

B — diffusion component (C s°°)
IR — residual current (mA)
AC — concentration difference of the diffusing species between the

interface and bulk (mol m™)
H — diffusion layer thickness (m)

D — concentration independent diffusion coefficient (m? s™")

By ‘Abort’ button the user can stop the calculation procedure at any time.
In the ‘From section’ and ‘To section’ windows, the user can define
the range of calculated sections.

This area was added mainly due to program errors occurring from time
to time. Single points that should be in the trend of the calculated
parameters R1 or C1 are sometimes assigned R2 or C2 and vice versa.
It is possible to force the program to count the searched values
by entering the predicted ranges in which the calculated parameters
should fall. Such an action prevents them from being flipped to the twin
terms of the equation.

In ‘SPECSTit’” there is also a possibility to modify the importance
of the searched variables and this option can be found in the area ‘Scale’.
It is a factor that determines the importance level of a given component
in the calculation procedure performed. By default, for all components,
the importance is set to ‘1’, which means that there is no scaling.
The larger the scale, the greater the weight of a given factor. This area
allows us to control the obtained results. If the calculations are correct,
assigning a different weight should not affect the final result.

It is necessary to mark the ‘Conversion’ item to correct the conversion

of conversion of points using the method presented in the area (10).
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There is also the possibility of automatic point point exchange
by selecting the item 'In procedure'. However, this option has some
disadvantages and does not always result in component swapping.

The ‘Calculate’ button starts and the 'Stop' button interrupts
the calculation procedure.

‘Tolerance (Eps)’ is an acceptable numerical relative error. The lower
the value of this parameter, the longer the computational procedure
takes, but more precisely.

After starting the application, the ‘Auto tolerance (faster calculation)’
option is automatically selected.

It is possible to copy the experimental data of a given section from
the area (2) by clicking the ‘Copy’ button.

On the ‘Information’ tab, in the right-hand side of the dialog box,
information about the calculation progress is displayed.

In the ‘Result List’ section numbers are displayed for which results have
already been obtained. This list is completed as the procedure
progresses.

The ‘Description’ area is a preview of the preview of the results obtained
for the selected section.

Graphs are represented in the area in the lower part of the dialog box
on the right side. After selecting the ‘Fit curves’ tab and the appropriate
markers in the upper part of the area, the graph shows the dependence
of the selected value (on the Y-axis) on the measurement time
(in seconds) of a given section at a given E/U (X-axis). Symbol ‘E’ means
the E/U at which the given section was recorded. ‘I exp/l cal
is the experimental and the calculated (fit) current, respectively. The last
box ‘R2’ defines the matching error value. In the ‘Current dynamics’ tab,
the results (I cal, 11, 12, ID, IR, R2, without E and | exp) are displayed
for all completed sections depending on the duration of the experiment.
The last tab ‘Coefficients dynamics’ allows one to display the calculated
parameters R1, C1, R2, C2, B, AC, h, D, and IR.
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12. Summary

The dissertation consideration emphasizes both the current state
of knowledge and experimental research (applied and fundamental) within
electrochemical capacitors. The first and fundamental element of high-
performance devices production is understanding the phenomena and processes
related to the charge storage at the electrode/electrolyte interface
at the molecular level. The research presented in this dissertation deals
with this topic. The differences resulting from the wide application wide salt
concentration in the aqueous electrolyte are discussed here, including the new
concept of a saturated solution of ‘water in salt’ (Article 2). High salt
concentration is associated with increased electrolyte viscosity, which
has a significant impact on ECs performance (Article 3). Increased viscosity
with system preconditioning and appropriate electrode material may lead
to the improvement of such EC parameters as self-discharge or gas evolution.
For effective charge storage in a given electrode material, it is necessary to match
the ions' size with the pores diameter. The merging of electrochemical dilatometry
with step potential electrochemical spectroscopy led to the definition of the type
of charge storage mechanism depending on the electrolyte and electrode
material (Article A4). However, manual data processing from SPECS is not
the fastest way. The computer program developed ‘SPECSTit’, comes with help
for fast and reliable data processing (Chapter 12). The influence of pH
at the electrode surface has already been described, but only now
has the influence of H" and OH" ions concentration on ion movement in porous
materials been thoroughly explained (Article 5). The electrodes production
and device assembly are the last stage in which there is an opportunity to improve
the ECs performance. This applies to improving the rheological properties
of the electrode slurry, appropriate selection mixing technique, and current
collector coverage (Article 1). The literature analysis and the presented
experimental results cover a wide range of ECs elements and are to be the basis

for undertaking new research paths in this subject.
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13. Articles not included in the dissertation topic

Title: Revisited insights into charge storage mechanisms
in electrochemical capacitors with Li2SOas-based electrolyte

Authors: Krzysztof Fic, Anetta Ptatek, Justyna Piwek, Jakub Menzel, Adam
Slesinski, Paulina Bujewska, Przemystaw Galek, Elzbieta Fragckowiak

Journal: Energy Storage Materials, 2019, vol. 22, 1-14

DOI: 10.1016/j.ensm.2019.08.005

Abstract

The article comprehensively describes the latest achievements related
to the use of neutral water-based electrolyte (1 mol L™ Li2SOa4 solution) in ECs.
The basic physicochemical properties of aqueous electrolytes (conductivity,
viscosity, etc.), EC operating parameters and a proposal for a new approach
in the study of systems — operando tests were discussed. The operando studies
performed included the use of electrochemical quartz crystal microbalance
(EQCM), Raman spectroscopy, and scanning electrochemical microscopy
(SECM). Interesting results were obtained concerning the specific and selective
adsorption of ions with the use of the given methods. In addition is presented
a post-mortem analysis of carbon electrodes subjected to the aging protocol.
The effect of an anti-aging additive (tocopherol - vitamin E) on the electrode
material and the electrolyte was investigated. Finally, mechanisms governing

the capacitive and redox interfacial interactions are proposed.
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Title: Three-dimensional architectures in electrochemical capacitor
applications — insights, opinions and perspectives

Authors: Przemystaw Galek, Adam Mackowiak, Paulina Bujewska, Krzysztof

Fic
Journal:  Frontiers in Energy Research, 2020, vol. 8, 139-1 - 139-21
DOI: 10.3389/fenrg.2020.00139

Abstract

This article is a summary of the latest news on electrode materials with a 3D
structure in ECs applications. The division of this group of structures
was systematized, taking into account the method of their production:
into template and non-template strategies. The advantages and disadvantages
for the selected groups have been summarized. Special attention has been paid
to the carbon materials for their structural connection as they not only create
the desired hierarchical porous channels, but also provide high conductivity
and mechanical stability. For individual solutions, numerous examples from
the literature are presented. Finally, the future challenges for this type of material

are summarized.
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Title: Deep eutectic solvents for high-temperature electrochemical
capacitors

Authors: Adam Mackowiak, Przemystaw Galek, Krzysztof Fic

Journal: ChemElectroChem, 2021, vol. 8, 4028-4037

DOI: 10.1002/celc.202100711

Abstract

In this article authors propose the concept of EC operating in high-
temperature conditions (100°C). This solution is an electrolyte in the form
of a deep eutectic mixture based on lithium nitrate and acetamide. To describe
the chemistry of the mixture, infrared and Raman spectroscopy, differential
scanning calorimetry, and gas chromatography with mass spectrometry
were used. Electrochemical analysis includes verification of system aging, self-
discharge monitoring, leakage current measurement, and basic research related
to determination of specific capacitance or maximum voltage. Additionally,
a comprehensive analysis of the addition of lithium nitrate salt and an organic
solvent to the operating system was performed, including the replacement

of lithium ions with sodium or potassium.
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Title: Contact angle analysis of surface topographies created
by electric discharge machining

Authors: Katarzyna Peta, Tomasz Bartkowiak, Przemystaw Galek,
Michat Mendak

Journal:  Tribology International, 2021, vol. 163, 107139-1 - 107139-14

DOI: 10.1016/j.triboint.2021.107139

Abstract

The article specifies the relationship between the wettability and the surface
microgeometry of the 6060 aluminum alloy resulting from electro-discharge
machining (EDM). The analyzes were extended by calculating the strength
of the correlation between the contact angles and the geometrical surface
topography characteristics that change with the observation scale. Surface
topographies are measured with a focal variation microscope and characterized
by ISO parameters, geometric motifs, and multiscale curvature tensor analysis.
The wettability of the finished structures was tested indirectly by measuring
the contact angle. The analysis was performed by using aqueous solutions
of a semi-synthetic polymer of various concentrations and viscosities. The study

showed that aluminum alloy wetting can be easily controlled with a suitable EDM

finish.
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Title: Operando monitoring of activated carbon electrodes operating
with aqueous electrolytes

Authors: Jakub Menzel, Adam Slesinski, Przemyslaw Galek, Paulina Bujewska,
Andrii Kachmar Elzbieta Frgckowiak, Ayumi Washio, Hirofumi
Yamamoto, Masashi Ishikawa, Krzysztof Fic

Journal: Energy Storage Materials, 2022, 518-528

DOI: 10.1016/j.ensm.2022.04.030

Abstract

Remarkable changes in the volume of activated carbon electrodes
operating with aqueous electrolytes were measured with scanning
electrochemical microscopy (SECM) and electrochemical dilatometry (ECD)
techniques. It appears that the electrolyte volume absorbed by the carbon
electrode strongly depends on the polarization direction and the electrode
potential. It is assumed that these changes result from different ion adsorption
properties and the volume of the electrolyte. Furthermore, the electrode surface
functionalities appear to change. This has been confirmed by operando contact
angle measurements. In addition to the observations of volume changes,
a method of preconditioning electrochemical capacitors is proposed, which
is an outcome of the observed electrode dilatations and modulated wettability.
The conditioning method promotes deep electrochemical impregnation
of the electrodes by an electrolyte. In fact, remarkably better wetting
of the electrodes is reflected in significant changes in the potential distribution
between electrodes. Moreover, the internal pressure build-up during
the potentiostatic hold test is reduced. Finally, in situ observations
of the electrodes with X-ray tomography suggest the precipitation of insoluble

deposits at the surface of the positive electrode near the separator.
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