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Abstract

The first chapter of the dissertation is dedicated to the literature review. It
begins with an introduction to the motivation behind the conducted scientific
research and a general overview of electrical energy storage systems.
Subsequently, it highlights three main energy storage systems: electrical double-
layer capacitors, lithium-ion batteries, and hybrid metal-ion capacitors. Each
section focuses on describing the energy storage mechanism in the respective
device, the electrode materials used, and the electrolytes employed. The
advantages and disadvantages are emphasized, applications are listed, and the
characteristic parameters of these devices are presented. The formation of the
solid electrolyte interphase layer is also described, along with a discussion of the
most popular hybrid capacitors: lithium-ion, sodium-ion, and potassium-ion.
Current pre-insertion techniques used by researchers are also presented. The
next part of the review describes the electrochemical techniques used, with
particular emphasis on the step potential electrochemical spectroscopy (SPECS)

method utilized in this dissertation. The entire review concludes with a summary.

The second chapter of the dissertation outlines the aims and objectives of
the work, which are intended to help verify the proposed hypothesis. The
hypothesis assumes the use of redox-active salt additives in the electrolyte to
conduct a one-step assembly approach for metal-ion capacitors. The third
chapter presents two studies (Al and M1) that confirm the hypothesis by
demonstrating that redox electrolyte containing thiocyanate anions enable
insertion of metal ions into the structure of the negative electrode in lithium-ion,
sodium-ion, and potassium-ion capacitors. The fourth chapter of the dissertation
presents two studies (A2 and M2) that describe the use of the SPECS technique
to study the intercalation of lithium ions into the graphite and the influence of an
additional redox reaction on this process. The fifth chapter presents study A3,
which discusses the use of redox additives other than thiocyanate salts in the
electrolyte. The sixth chapter summarizes the results obtained from the research
conducted for the dissertation. The final part presents the achievements of the
dissertation author, along with a list of references and statements from co-

authors.
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Streszczenie

Rozdziat pierwszy dysertacji jest poswiecony przegladowi literatury.
Rozpoczyna sie od przedstawienia motywacji przeprowadzonych badan oraz
ogolnego przegladu systemdédw magazynowania energii elektrycznej. W dalszej
czesci wyrozniono trzy gtbwne systemy magazynowania energii: kondensatory
podwojnej warstwy elektrycznej, ogniwa litowo-jonowe oraz hybrydowe
kondensatory metalo-jonowe. W kazdym rozdziale skupiono sie na opisie
mechanizmu magazynowania energii w danym urzgdzeniu, stosowanych
materiatach elektrodowych oraz wykorzystywanych elektrolitach. Podkreslono
wady i zalety, wymieniono zastosowania oraz przedstawiono charakterystyczne
parametry tych urzadzen. Opisano rowniez tworzenie sie warstwy ochronnej
elektrody ujemnej oraz omowiono najpopularniejsze hybrydowe kondensatory:
litowo-jonowe, sodowo-jonowe i potasowo-jonowe. Przedstawiono takze znane
w literaturze techniki preinsercji. Kolejna czes¢ przeglagdu opisuje stosowane
techniki elektrochemiczne, ze szczegdinym uwzglednieniem metody SPECS
wykorzystanej w tej dysertacji. Cato$¢ wienczy podsumowanie przegladu

literatury.

Rozdziat drugi dysertacji opisuje cele i zadania pracy, ktére majg pomoc w
weryfikacji zatozonej hipotezy. Hipoteza zaktada wykorzystanie dodatku soli
redoks do elektrolitu w celu przeprowadzenia jednoetapowej metody montazu
kondensatoréw metalo-jonowych. W trzecim rozdziale zaprezentowano dwie
prace (Al i M1), w ktorych potwierdzono postawiong hipoteze, wykazujac, ze
dzieki elektrolitowi redoks zawierajgcemu aniony rodankowe mozna
zainsertowa¢ jony metalu w strukture elektrody ujemnej w kondensatorach
litowo-jonowych, sodowo-jonowych i potasowo-jonowych. Czwarta czesé
dysertacji przedstawia dwie prace (A2 i M2), ktére opisujg wykorzystanie techniki
SPECS do badan interkalacji jonow litu w strukture grafitu oraz wptyw dodatkowe;j
reakcji redoks na ten proces. Pigty rozdziat przedstawia prace A3, ktora omawia
wykorzystanie innych niz sole rodankowe dodatkéw redoks do elektrolitu.
Rozdziat szésty podsumowuje wyniki otrzymane w ramach badan wykonanych
do dysertacji. W ostatniej czesci przedstawione zostaty osiggniecia autora, wraz

z wykazem literatury i oSwiadczeniami wspotautorow.
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Abbreviations and symbols

Abbreviation

A

AC
ACN
AQ2S
Al

B
BET
BMIMBF4
C

C
C2H2S
C2Ha
C2Hs
Cs
CE
CebpL
CNTs
CO
CO2
COS
CS
CS2
CsF
Cu
CVv
CvD

™

DEC
DEG
DMC

Description
Surface area, m?
Activated carbon
Acetonitrile
Silver sulfide
Aluminium

Diffusion parameter, A s%°

Brunauer-Emmett-Teller isotherm

1-Butyl-3-methylimidazolium tetrafluoroborate

Capacitance, F

Theoretical graphite capacity (372 mAh g*?)

Thiirene

Ethylene

Ethane

Carbon (graphite)

Counter electrode
Capacitance from EDL, F
Carbon nanotubes
Carbon monoxide

Carbon dioxide

Carbonyl sulfide

Carbon monosulfide
Carbon disulfide

Caesium fluoride

Copper

Cyclic voltammetry
Chemical vapour deposition
Diffusion coefficient, m? s
Diethyl carbonate
Diethylene glycol

Dimethyl carbonate
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DME - Dimethyl ether

E —  Energy, Wh

AE —  Potential change

EC - Ethylene carbonate

EDL —  Electric double-layer capacitor
EDLC —  Electrical double-layer capacitor
EDR —  Equivalent distributed resistance
EDS —  Energy dispersive spectroscopy
EESS —  Electrical energy storage system
EMIMBF4 —  1-Ethyl-3-methylimidazolium tetrafluoroborate
ESR —  Equivalent series resistance
FEC —  Fluoroethylene carbonate

GCPL —  Galvanostatic cycling with potential limitation
GITT —  Galvanostatic intermittent titration technique
I - Current, A

Ip - Diffusive current, A

lepL - EDL current, A

IL - lonic liquid

IR —  Residual current, A

IT —  Total current, A

KERS - Kinetic energy recovery system
KIC —  Potassium-ion capacitor

KPFe —  Potassium hexafluorophosphate
L —  Sample thickness, m

LCO —  Lithium cobalt oxide, LIC0Oz2
LEDC —  Lithium ethylene decarbonate
LFP - Lithium iron phosphate, LiFePO4
LIB - Lithium-ion battery

LiBF4 —  Lithium tetrafluoroborate

LiBOB —  Lithium bis(oxalato)borate

LiBr - Lithium bromide

LIC - Lithium-ion capacitor

LiF —  Lithium fluoride
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LiINOs3
LIOAC
LiOH
LIOR
LiPFe
LISCN
LITFSI
Li2COs3
Li2C404
Li2MnO3
Li2O
Li2RuO3
Li2S
LisFeOa4
LisC0Oa
LLTO
LLZO
LMO
LTO
MIC
MnO2
MoS2
MWCNTSs
NaClO4
NaOAc
NCA
NEC
Ni-Cd
Ni-MH
NIC
NMP
NMC
ocv

Lithium nitrate

Lithium acetate

Lithium hydroxide

Lithium alkyl carbonate

Lithium hexafluorophosphate
Lithium thiocyanate

Lithium bis(trifluoromethanesulfonyl)imide
Lithium carbonate

Lithium squarate

Lithium manganite

Lithium oxide

Lithium ruthenate

Lithium sulfide

LFO, Lithium rich lithium ion
Lithium cobalt oxide

Lithium lanthanum titanium oxide
Lithium lanthanum zirconium oxide
Lithium manganese oxide, LiMn204
Lithium titanate, LisTisO12

Metal-ion capacitor

Manganese dioxide

Molybdenum disulfide

Multi-walled carbon nanotubes
Sodium perchlorate

Sodium acetate

Lithium nickel-cobalt-aluminum oxide, LiNiCoAIO2
Nippon Electric Company
Nickel-cadmium battery
Nickel-hydrogen battery
Sodium-ion capacitor
N-Methyl-2-pyrrolidone

Lithium nickel-manganese-cobalt oxide, LiINiMnCoO:

Open circuit voltage, V
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PAN —  Polyacrylonitrile

PANI —  Polyaniline

PAS —  Polyacenic semiconductive

PbO:2 - Lead (V) oxide

PC —  Propylene carbonate

PE —  Polyethylene

PEG —  Polyethylene glycol

PEIS —  Potentiostatic electrochemical impedance spectroscopy
PEO —  Polyethylene oxide

PP —  Polypropylene

PTFE —  Poly(tetrafluoroethylene)

PVDF —  Poly(vinylidene fluoride)

RE —  Reference electrode

RebL —  Resistance of EDL, Ohm

p - Particle radius, m

RT - Room temperature, 21°C

RuO2 —  Ruthenium dioxide

SCN- —  Thiocyanate anion

SEI —  Solid electrolyte interphase

SEM —  Scanning electron microscopy
SHE —  Standard hydrogen electrode

SO —  Sulfur monoxide

SOHIO —  Standard Oil Company of Ohio
SPECS —  Step potential electrochemical spectroscopy
SWCNTs —  Single-walled carbon nanotubes

t — Resttime, s

T — Timeinterval, s

TEABF4 —  Tetraethylammonium tetrafluoroborate
TEM —  Transmission electron microscopy
TiN —  Titanium nitride

Ti2S —  Titanium sulfide

TMP —  Trimethyl phosphate

tp - Pulse duration, s
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TPP

UPS

VC

VEC

WE

XPS
XRD

—  Triphenyl phosphate

—  Voltage, V

—  Uninterruptible power supply

—  Volume, dm?

—  Vinylene carbonate

—  Vinyl ethylene carbonate

—  Working electrode

— % of 1 mol lithium ions intercalated into graphite structure
—  X-ray photoelectron spectroscopy

X-ray diffraction
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1. Motivation of the research

Currently, life in the world has accelerated to an incredible level. Each of us
uses an alarming amount of electricity daily, which we once did not need at all
[1]. Every day we turn on lights, watch television, use smartphones and
computers, drive cars or use public transportation. People often do not realize
how dependent they are on electricity. In addition to these activities, there are
also small everyday items that we take for granted, such as wireless headphones,
electric toothbrushes, coffee machines, or induction cooktops. Can anyone today
imagine life without a refrigerator? Without electricity, humanity would regress
significantly in development, which is why it is so important to take care of the

privilege of having access to it [2].

However, continuous technological development and consumerism have
caused the demand for electricity to become unimaginably high and constantly
growing. Popular nonrenewable fossil fuels, such as coal, natural gas, and oil,
are depleting at an alarming rate [3]. Their continued use also has a negative
impact on the environment, which is why there is increasing talk about global
warming, the destruction of the ozone layer, and the doomsday clock, which
indicates how close we are to midnight [4].

Scientists are trying to initiate innovative solutions to obtain green energy,
aiming at a more ecological approach to environmental protection [4].
Geothermal, nuclear, solar, wind, and tidal energies are often utilized. All of these
solutions generate energy in a more environmentally friendly process, but there
are always downsides. For example, geothermal energy cannot be produced
everywhere, wind farms take up a lot of space and pose a threat to birds, and
nuclear energy, although it provides a huge amount of energy, carries the risk of

radioactive waste and nuclear plant failures [5-7].

Therefore, local production of electricity is becoming increasingly popular.
This involves, for example, photovoltaic panels on roofs of houses or
electrolyzers that produce hydrogen [8]. Despite still high costs, these solutions
are beginning to prove effective locally in meeting electricity demand and are also
ecologically beneficial. This is evidenced by the large number of households that

have decided to install photovoltaic panels on their roofs and the growing number
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of hydrogen-powered vehicles (e.g., Solaris 18 Urbino Hydrogen) [9] [10].
However, these solutions show that humanity is moving toward renewable energy
sources that are environmentally friendly and inexpensive to obtain, which is

undoubtedly the right direction, although it will take time.

ENERGY SOURCES AND CONVERSION PROCESSES
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Figure 1. Energy sources and methods used for its conversion [11].
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2. Electrochemical energy storage systems

Electrical energy storage systems (EESS) play a crucial role in the energy
transition, enabling the management of renewable energy and ensuring the
stabilization of power grids [12, 13]. Given the ever-growing demand for
electricity, the development of EESS seems to be a necessity. EESS and
conversion systems can be divided into three main groups: fuel cells, batteries,

and capacitors.
Fuel cells

Fuel cells are devices that, in fact, convert chemical energy directly into
electrical energy [14]. This occurs through an electrochemical reaction between
a fuel, which can be hydrogen, methanol, or ethanol, and an oxidizer, most
commonly oxygen. A typical fuel cell has a nominal voltage of approximately 0.7
V with an efficiency of approximately 60% [15]. The operating principle involves
supplying hydrogen, its oxidation on an electrode usually coated with platinum
black, followed by the transport of H* ions through an ion-exchange membrane
to reduced oxygen at the cathode. Fuel cells are characterized by high
operational purity due to green reaction products, which are electrical energy,
heat, and water (in the case of the most popular hydrogen cells) [16].

Hydrogen fuel cells have a specific energy of approximately 1000 Wh kg,
specific power around 2 W kg, and a lifespan of about 10 000 operational hours
[17]. However, these cells have their drawbacks. Despite high initial efficiency, it
rapidly declines, mainly due to impurities in the fuel supplied (hydrogen or
oxygen) [18]. Additionally, the production of these cells is relatively expensive,
and the storage of hydrogen raises many safety concerns [19]. Nevertheless,
many see them as the future, primarily due to the simple reaction, which does not
produce any highly harmful by-products for the environment. The main areas of
application for hydrogen cells include backup storage systems in factories,
cogeneration devices for electricity production (e.g., in combined heat and power
plants), and increasingly in hydrogen-powered vehicles (such as the mentioned

hydrogen-powered buses) [20].
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Batteries

The most common group of EESS is batteries, as they are used literally
everywhere energy storage is needed: laptops, wireless headphones,
smartphones, electric vehicles, small electronic devices, and as large-scale
electrical energy storage systems. There are many types and classifications of
batteries based on their operating principle or the materials used in their
production.

One of the most popular batteries is the nickel-metal hydride (Ni-MH)
battery, where the cathode is a nickel plate, and the anode is a metal alloy that
reacts with the hydrogen released during charging to form a metal hydride [21].
These batteries can achieve power (250 — 1000 W kg1) and energy of about (70
Wh kg1), maintaining a lifespan of approximately 500 charge and discharge
cycles [22]. Ni-MH batteries have completely replaced the previously used nickel-
cadmium (Ni-Cd) cells, mainly due to their higher specific energy and
environmental aspect (absence of cadmium) [23]. Ni-MH batteries are most often
used in a range of devices that require longer operating times and relatively fast
charging and discharging parameters, such as power tools, medical devices,
UPS systems, the lighting industry, radio-controlled toys, and alarm and
measurement devices [24]. The disadvantages of Ni-MH cells include their high
self-discharge rate and their susceptibility to damage caused by deep discharge
or overcharging.

The next group of batteries consists of zinc-air batteries. This type of battery
is constructed with a zinc anode and a cathode with a large surface area (e.g.,
activated carbon, denoted further as AC) [25]. The electrolyte in these cells is
usually a concentrated potassium hydroxide solution [26]. These cells are mainly
used in electric fences and hearing aids due to their high specific energy (470 Wh
kg?), inexpensive raw materials for production, and low self-discharge rate [27].
The nominal voltage of the cell is around 1.5 V. However, drawbacks such as
poor resistance to high and low temperatures, hygroscopicity, and the negative
impact of COz2 significantly limit the application of zinc-air cells [28]. Moreover,
these batteries belong to the group of primary cells, meaning that they can only

be recharged through mechanical electrode replacement.
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Another important group of batteries is lead-acid batteries. In these
batteries, the negative electrode is made of a lead grid, while the positive
electrode is made of lead dioxide (PbOz2) [29]. The electrolyte is a 37% sulfuric
acid solution [30]. The nominal voltage of a single cell is 2.1 V. Lead-acid cells
are characterized by high energy (approximately 40 Wh kg?), a low self-
discharge rate, and an average lifespan of 500 — 800 charge and discharge
cycles [31]. Lead-acid batteries are known for their low cost, high efficiency, and,
above all, reliability, which allows them to be widely used in most combustion
engine vehicles [32]. However, because of the challenges of recycling caused by
toxic components such as lead and sulfuric acid, they are increasingly being
replaced by other energy storage solutions.

Currently, the most popular group of both batteries and the entire EESS are
lithium-ion batteries [33]. They have gained immense popularity due to their
energy values being more than twice that of Ni-MH batteries (100 — 250 Wh kg-
1), and also because they do not suffer from the memory effect or the lazy battery
effect [34, 35]. One of the electrodes in a Li-ion cell is made of carbon (mainly
graphite), while the other is made of lithiated metal oxides, with an organic
solution of lithium salts serving as the electrolyte [36]. These types of batteries
can reach voltages as high as 3.8 V, maintain a lifespan of approximately 1000
charge and discharge cycles, and have very low self-discharge [37]. However,
the production of these cells is relatively expensive, the components are not
environmentally friendly, and the availability of lithium on Earth is decreasing at
an alarming rate [38]. Therefore, cheaper alternatives such as sodium-ion cells,
which are currently gaining popularity, are being sought [39]. Li-ion cells are

discussed in more detail in section 4 of chapter I.
Capacitors

The last group of EESS consists of electrochemical capacitors. Capacitors
are devices that store electrical energy by accumulating electric charges on the
surfaces of electrodes separated by a dielectric layer [40]. Initially, they were
constructed with two metal plates with air between them, but with time, this
concept was improved by creating electrolytic capacitors [41]. In these

capacitors, one of the electrodes is an electrolyte, allowing much higher specific
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energy values (approximately 0.02 Wh kg?) [42]. Interestingly, the main
advantage of capacitors is their ability to operate at high power values (up to 1000
kW kg) [43]. Over time, electrodes with a large specific surface area were used,
allowing capacitors to store ten times more energy (0.2 — 5 Whkg™) [44]. In these
devices, the phenomenon of the formation of an electric double-layer was
observed, hence the later name electrical double-layer capacitors (EDLCs).
These devices often use an organic electrolyte, which allows for a nominal
voltage of around 2.7 V [45]. A characteristic feature of capacitors is their very
long lifespan, capable of reaching millions of charge and discharge cycles [46].
However, due to their low specific energy and high self-discharge [47], their
application is limited to scenarios that require high power but low energy, such
as computer memory, digital communication devices, or regenerative braking

processes (KERS) [48]. A summary of the most important EESS is presented in

Figure 2.
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Figure 2. Ragone plot of popular energy storage systems [49, 50].
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The main goal and challenge facing researchers around the world is to
construct the ideal energy storage device that is cheap to produce, made of
environmentally friendly materials, and capable of achieving high energy and
power values while maintaining long cycle life and low self-discharge [51]. This
task is exceptionally demanding, but quite achievable. By improving existing
solutions and likely combining them into a single device, it will be possible to enjoy
the benefits of an ideal energy storage system. However, many years of research

will unfortunately be needed before this happens.

Currently, the best energy storage devices are lithium-ion batteries, mainly
due to their high specific energy values [52]. Years of research, starting from 1974
by Stanley Whittingham to the Nobel Prize in 2019, suggest that much has
already been achieved in their development, and further improvements seem
marginal [53]. Therefore, more novel breakthrough solutions must be sought.
One of the most promising solutions is the combination of lithium-ion batteries
with electrical double-layer capacitors, creating entirely new devices known as
hybrid lithium-ion capacitors (LIC) [54]. Their inception is estimated to have been
in the 1980s, but in reality, they appeared at the beginning of this century. These
devices have graphite as negative electrode like lithium-ion batteries, while the
positive electrode is usually activated carbon, as in the case of EDLCs [55]. The
organic electrolyte allows the intercalation process and high operating voltage
(even up to 4.2 V), preserving the high specific energy of these systems (up to
70 Wh kg?) [56]. Furthermore, by combining with capacitors, the hybrid system
gains in power values (>10 000 W kg) and system lifetime (up to 100,000 charge
and discharge cycles) [57]. However, the disadvantage of these systems is the
need for the pre-intercalation process of the graphite electrode [58].
Unfortunately, despite their unique properties, hybrid capacitors are not widely
used due to the high production costs associated with the complex assembly of
these devices. But what if scientists could streamline the pre-intercalation
process? Table 1 shows the comparison of most important parameters of EDLCs,
LICs and LIBs.
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Table 1. Comparison of EDLC, LIC and LIB [59].

room temperature

Parameter Electrical dogble_ thhlum.-lon Lithium-ion battery
layer capacitor capacitor
_— e =
+ C 9= 1m
Principal operation E 8 coie g - 19 La', C|a i -
+ < = r— — “harge
wiE e o | w il Bl B P
+ . (+ 5 (4]
Internal resistance Low Medium High
Operating -40to +70 -25to +85 _25 to +60
temperature (°C)
Maximum operating 2.3t02.7 3.8t04.2 3.8t04.2
voltage (V)
Minimum operating
voltage (V) 0 2.2 2.5
Specific energy 0.2-5 10-70 100 - 250
(Wh kg") )
Specific power
> >
(W kg) >100 000 10 000 1000
Recharge cycles >1000 000 > 100000 >3 000
Self-discharge time
atroom Short (week) Medium (weeks) Long (month)
temperature
Working life at > 20 years 5-10years 3-5years

3. Electrical double-layer capacitors (EDLCS)

Since the 1950s, engineers from General Electric have been experimenting

with electrodes made of porous activated carbon primarily for fuel cell and battery

application [60]. In 1957, H. I. Becker patented the first electrochemical capacitor.

Becker's invention demonstrated that the use of activated carbon allowed very

high capacitance in the capacitor [61].
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The shape of supercapacitors as we know today was invented by Robert A.
Rightmire, a chemist at Standard Oil Company of Ohio (SOHIO) [62]. However,
SOHIO did not find a practical application for the invention and licensed the
product to the Nippon Electric Company (NEC). NEC commercialized the
technology in 1975 [63]. Later, alternative technologies emerged. Between 1975
and 1981, the concept of pseudocapacitance was developed by Brian Evans
Conway, leading to the creation of capacitors exploiting pseudocapacitance
effect at the device level. In 1994, the electrochemical-electrolytic hybrid
capacitor was developed with two different electrodes used. In 1999 Conway
defined a term “supercapacitor” [64]. In the early 2000s, the lithium-ion capacitor
was invented [65]. Currently, work continues to improve the parameters of

supercapacitors, with a major focus on specific energy.

3.1. The electric double-layer (EDL)

To begin considerations on EDLCs, one must begin by understanding the
operation and mechanism of the electric double-layer (EDL). The electric double-
layer is a term for the model of the structure that appears at the interface of two
phases [66]. It is fundamentally important to describe commonly encountered
structures of matter. The distribution of electric charges in the layer is largely
determined by the electrical conductivity of the bordering phases, that is, the type,
mobility, and concentration of electric charges present or potentially forming in
both phases. Furthermore, the adsorption and orientation of polar molecules and
the induction of charges within them affect the potential distribution in interfacial

areas.

The first model of the electric double-layer was presented by Hermann von
Helmholtz in 1879 [67]. Helmholtz believed that at the solid/liquid interface, the
electric charge on the surface of the metal is neutralized by ions forming a layer
closely adhering to the metal surface. This theory was refined by Louis Gouy and
David Chapman, incorporating the diffuse nature of charges in the double-layer
[68]. In 1910, Gouy observed that the thermal motion of ions in solution
counteracts the ideal arrangement of ions in the electrochemical layer, causing

its diffuse structure. In 1913, Chapman calculated the potential distribution as a
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function of the distance from the metal (electrical surface). Later, in 1924, the
German physicist Otto Stern seemed to combine the two previous EDL models
[69]. He distinguished a stiff layer, i.e., ions directly adhered to the metal surface,
and a diffuse layer, formed by ions further from the metal, performing chaotic
thermal motions, yet simultaneously in a specific electrostatic order between the
ionic charge and the charge on the metal surface. Ultimately, in 1947, David
Grahame modified Stern's model by dividing the double-layer area with two
planes parallel to the metal surface [70]. Grahame's model of the electric double-
layer remains valid to this day and is presented in Figure 3.

Stern layer  Gouy-Chapman layer Bulk of the liquid

.
>

>
-

©

Inert & Outer Gouy layer
Helmholtz layer

Figure 3. Scheme of the electric double-layer formed at the

solid state — liquid interface [70].
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3.2. Cell construction and applications

Electrical double-layer capacitors (EDLCs) are a type of electrolytic
capacitor with a specific design that exhibits much greater electrical capacitance
compared to a classic capacitor. This is due to the use of symmetrical carbon
electrodes with a highly developed surface area, where the charge is stored
through the separation of ions in the Helmholtz double-layer between the
electrode surface and the electrolyte (Figure 4) [71]. The main advantage of
using EDLCs is their high specific power (>100,000 W kg*), which allows for rapid
charging and quick release of electrical energy [72]. Another benefit is their
longevity, which can last uninterruptedly through even a million charge and
discharge cycles [73]. Additionally, the "clean" electrochemical storage process
results in very low energy losses during individual charge and discharge cycles.
EDLCs can operate over a wide temperature range and, compared to other

energy storage systems, are much more environmentally friendly.

Unfortunately, EDLCs are characterized by a lower specific energy (0.2 - 5
Wh kg?) compared to batteries, which is due to the low maximum operating
voltage (< 2.7 V). This relationship is explained by the equation for the energy of

an electrochemical capacitor presented in Equation 1 [74].
E=-CU? 1)

Another limitation of EDLCs is their high self-discharge rate. Therefore, these
devices are most commonly used when a small amount of energy is needed
quickly. EDLCs can be used in energy storage systems to smooth power
fluctuations and for short-term buffering. Additionally, they can be utilized in
hybrid and electric vehicles to support regenerative braking systems and increase
power, as emergency power supplies in UPS systems, and even in trams and

buses for rapid charging at stops [75].
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Figure 4. Schematic construction of EDLC.

3.3. Electrode materials

The electrode material together with the electrolyte constitutes the most
important part of an electrochemical capacitor. The type of electrode used, its
porosity, density, and the presence of heteroatoms or other functional groups
determine the proper functioning and characteristics of EDLCs [76]. Electrode
materials are usually applied to a metal current collector in the form of thin
coatings. Electrodes must exhibit excellent conductivity, high electrochemical and
thermal stability, as well as corrosion resistance, and most importantly, a large
active surface area [77]. Of course, they should also be environmentally friendly
and inexpensive to produce. Theoretically, the larger the active surface area, the
larger the resulting electric double-layer. However, in practice, this is not always
advantageous. It is believed that the smaller the pores, the greater the
capacitance of the EDLC and, consequently, the specific energy [78]. However,
small pores cause an increase in equivalent series resistance (ESR), thereby
reducing the specific power of the system [79]. Therefore, the pore size

must be adjusted to the desired application.
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Electrodes used in EDLCs can be divided into two main groups: carbon

materials and pseudocapacitive materials (Figure 5).
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Figure 5. Electrode materials for electrochemical capacitors.

Among pseudocapacitive materials, which in addition to non-faradaic
charge attraction in the double-layer also exhibit redox activity, one can mention
metal oxides (e.g., MnO2 [80], RuO2[81]), metal nitrides (TiN [82]), metal sulfides
(MoS:2 [83]), conducting polymers (PANI [84]), and composite materials, which
usually consist of a mixture of pseudocapacitive material with carbon material
[85]. Despite the increased capacitance of such capacitors due to the additional
redox reaction, they often face the problem of reduced number of charge and

discharge cycles as well as higher production costs.

Carbon materials can be divided into shaped carbon nano structures,
graphene materials, and other carbon materials (Figure 5). The group of shaped
carbon nanostructures includes nanofoams [86], nanofibers [87], nanohorns [88],
nanoonions [89], and the most popular electrode materials for EDLCs —
nanotubes (CNTs) [90]. CNTs consist of a hollow cylindrical tube made of one-
atom-thick sheets of graphene. Nanotubes can be divided into single-walled
(SWNTSs) nanotubes or multi-walled nanotubes (MWNTSs). MWNTs are simply

additional graphene walls built up, each larger than the previous one [91].
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Nanotubes typically have a diameter of 1 to 3 nm. They have a moderately high
specific surface area, about ~800 m? g1. Their advantage as a capacitor material
is their increased wettability and conductivity compared to activated carbon [92].
Nevertheless, more charge can be stored in activated carbon because of its
larger specific surface area. Additionally, the use of nanotubes results in EDLCs
being over ten times more expensive compared to using activated carbon.
However, the high conductivity and wettability of nanotubes are often utilized in

composite materials with activated carbon.

The second group of carbon electrodes consists of materials made from
graphene, such as graphene sheets [93], activated graphenes [94], fullerene
soots [95], and graphite [96]. Graphite is composed of graphene layers arranged
parallel to each other, with weak Van der Waals interactions between them [97].
It is the cheapest material due to the lack of a complicated production process.
However, because of its low specific surface area, it does not find significant
application in EDLCs. Graphite is better suited for lithium-ion batteries because
of its layered structure and ability to intercalate metal ions. Graphene, as a 2D
structure, is a one-atom-thick sheet made of hexagonally shaped carbon atoms.
It has an excellent theoretical specific surface area of 2630 m? g, which
theoretically leads to a capacitance of 550 F g [98]. Its advantages over
activated carbon include excellent wettability and significantly better electrical
conductivity. Unfortunately, the use of graphene comes with several challenges.
Graphene sheets tend to restack and aggregate due to Van der Waals forces,
leading to a significant loss of accessible surface area [99]. This reduces the
effective surface area available for charge storage, diminishing the performance
of the electrode. Maintaining the mechanical integrity of graphene-based
electrodes over long cycles can be challenging. The electrodes can suffer from
structural degradation during many charge-discharge cycles, which affects the
long-term stability and performance of the EDLCs. Lastly, high-quality graphene
is expensive to produce. Methods for producing graphene, such as chemical
vapor deposition (CVD) or graphite exfoliation, are complex and costly, making it

difficult to scale up for commercial applications [100].

The last group consists of other carbon materials. The main representatives
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include carbide-derived carbons [101], template-derived carbons [102], carbon
aerogels [103], carbon blacks [104], and the most popular carbon material for
capacitors, activated carbons. Activated carbon (AC) is unique due to the network
of micro and mesopores created during activation [105]. Activated carbon can be
obtained through physical or chemical activation. Physical activation, also known
as thermal activation, is carried out at a temperature of 400 — 1000°C in a
continuous flow of carbon dioxide [106]. Chemical activation involves treating
carbon at a temperature of 400 — 700°C in the presence of an activating agent
such as H2S04, KOH, or H3PO4 [107]. As a result of activation, a material with
small pores and volume, high microporosity, and above all, a high active surface
area exceeding 2000 m? g! is obtained. By changing the temperature, pressure,
activation time, or activating agents, the parameters of the activated carbon
obtained can be controlled. Currently, EDLCs with activated carbon can achieve
even 100 - 200 F g?! with a specific energy of 1 - 2 Wh
kg* at a given power of 10 000 W kg [108]. Physical activation is commercially

used because of the increased cost of chemical activation.

3.4. Electrolytes

The electrolyte in EDLCs is a very important component that significantly
impacts the overall performance of the electrochemical capacitor. Aside from the
type and porosity of the electrode, the composition of the electrolyte (salt and
solvent) determines the formation of the electric double-layer. The most critical
parameters appear to be ionic conductivity and viscosity, which influence how
much charge can be stored and how quickly this process can occur [109]. Of
course, the thermal and electrochemical stability of the electrolyte is also
important, because the higher the voltage that can be applied to the cell, the
higher its energy, according to Equation 1 [110]. Another characteristic feature
of electrolytes is hydrophilicity, which can affect the composition of the electrolyte
and complicate its storage. Environmental impact and safety are also important,
with a focus on the explosiveness and flammability of the electrolytes.
Corrosiveness is also significant, as the electrolyte can greatly affect the cyclic
performance of the cell. All these features are ultimately topped by cost, as the
electrolyte must be economically viable. Table 2 summarizes the mentioned
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electrolyte characteristics and shows their importance in relation to aqueous,

organic, ionic liquid, and solid-state electrolytes.

Table 2. Advantages and disadvantages of the electrolytes used in the ECs

[111].

lonic conductivit High Moderate Moderate Low to moderate
o (100 — 1000 mS cm-"} (1 =10 mS cm™) (1 =10 mS cm™') (0.1-10 mS cm-")
Moderate High High

Overall energy

(limited voltage window)

High

(broad voltage window)

(broad voltage window)

Moderate to high

Overall power o o Moderate Moderate Low to moderate
(high ionic conductivity)

Viscosity Low Moderate High N/A
Hydrophilicity High Low Moderate N/A
Flammability Low High Low Low

Corrosivity High Low to moderate Low Low
Electrochemical Low to moderate High High High
stability (1-2V) (25-3V) 4-5V) 9
Price Low Moderate to high High Moderate to high
Impact on
'_3 Moderate High Moderate Low to moderate
environment
Storade Good Moderate Moderate Good
9 (stable at RT) (sensitive to moisture)  (sensitive to impurities) {stable at RT)

Agueous electrolytes

Aqueous electrolytes are classified primarily into acidic, alkaline and neutral
solutions, the most common being the solutions of KOH [112], NaCl [113], KCI
[114], H2SO4 [115], and Na2S0a4 [116] solutions. These electrolytes are used in
applications requiring higher power outputs. Research on these electrolytes
mainly focuses on increasing the stability of the electrochemical window. Water
decomposition results in the release of oxygen at the positive electrode and
hydrogen evolution at the negatively polarized electrode at just 1.23 V [117].
Therefore, moderate specific energy can be obtained. The advantage of aqueous
electrolytes is their high ionic conductivity (100 — 1000 mS cm-?), which goes hand

in hand with low viscosity and the ability to use high current regimes, resulting in

Adam Mackowiak, PhD Dissertation | 31



One-step assembly of metal-ion capacitors using
redox-active electrolytes

high specific power [118]. Typically, aqueous electrolytes are less flammable and
explosive, making them suitable for everyday use. They are also easy to store
because they are usually stable in air at room temperature, and their high
hydrophilicity does not significantly affect them. Unfortunately, their downside is
the high corrosiveness to steel systems, often due to the extreme pH levels used.
Poorly chosen materials can cause corrosion, which can reduce the lifespan of
the system. Additionally, aqueous electrolytes are not always environmentally
friendly, as additives and extreme pH levels can alter the environmental water
balance [119]. Nevertheless, the production of these electrolytes is very simple

and cheap, which contributes to their popularity.

Recently, an interesting option to increase the specific energy of EDLCs
with aqueous electrolytes is the "water-in-salt" concept [120]. This concept
involves increasing the concentration of conducting salt in water to the extent that
there is more salt than water by volume and weight. An example is the use of
cesium fluoride (CsF), where this solution can increase the electrochemical
stability of the electrolyte even up to 2 V, as the remaining water is strongly bound
to the salt and does not have direct contact with the electrode [121].
Unfortunately, this approach reduces the ionic conductivity of the electrolyte,
leading to a decrease in specific power. Therefore, the solution must be tailored
to the specific application. Another way to increase the specific energy in EDLCs
is by using redox salt additives [122]. In this case, the use of iodides [123],
bromides [124], or thiocyanates [125] causes an additional faradaic reaction at
the electrode, increasing the working capacitance of the electrochemical
capacitor. However, such a solution also reduces the specific power of the system
due to the slower redox reaction process. Additionally, the redox reaction usually
negatively affects the cycling performance of the entire cell.

Organic electrolytes

Organic electrolytes are currently the most widely used electrolytes in the
industry for EDLCs, and tetraethylammonium tetrafluoroborate (TEABFa4) in
acetonitrile (ACN) is the most prevalent solution [126]. They are popular due to
their high electrochemical stability (2.5 — 3 V), which translates into higher specific

energy values compared to other types of electrolytes [127]. Additionally, their
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moderate viscosity and ionic conductivity (1 — 10 mS cm™) allow for decent
specific power values. Organic electrolytes have little impact on the
corrosiveness of systems; only additives to the electrolytes may cause issues in
this regard. Unfortunately, organic electrolytes need to be stored in special
chambers that maintain an inert environment, as they can evaporate, and despite
their low hydrophilicity, any addition of water deteriorates their electrochemical
stability. Furthermore, organic electrolytes are generally flammable and harmful
to the environment, so safety precautions must be taken when working with these
cells, primarily to prevent overheating [52]. The cost of organic electrolytes is
moderate, which makes them attractive to industrial companies despite their
numerous environmental drawbacks. The most commonly used organic solvents
include ACN [128], propylene carbonate (PC) [129], ethylene carbonate (EC)
[130], and dimethyl carbonate (DMC) [131]. Conductive salts used include
TEABF4 [126] and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) [132].

lonic liquids

Due to the ability to design ionic liquids, there is increasing discussion about
new compounds that improve the electrochemical performance of
electrochemical capacitors [133]. Nevertheless, most ionic liquids (i.e., salts
composed entirely of ions, often considered as salts with melting points below
100°C) share common characteristics. Firstly, they have high viscosity, which
affects their ionic conductivity, resulting in lower specific power values [134]. lonic
liquids are generally hydrophilic, and the presence of water decreases their
electrochemical stability, which is their main advantage
(4 — 5 V) [135]. Another drawback of ionic liquids is their high cost, because of
the complex synthesis process, which often leaves substrates or byproducts that
reduce the stability of the electrolyte. Additionally, the still-unknown
environmental impact makes scientists cautious of these "green electrolytes".
However, their low corrosiveness, lack of flammability, and explosiveness, and
especially wide electrochemical stability window, make them an interesting and
continuously evolving group of electrolytes. The most commonly used ionic
liquids include 1-Ethyl-3-methylimidazolium Tetrafluoroborate ([EMIM]BF4) [136],
1-Butyl-3-methylimidazolium Tetrafluoroborate ([BMIM]BF4) [137], and 1-Ethyl-3-
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methylimidazolium Bis(trifluoromethanesulfonyl)imide ([JEMIM]TFSI) [138].
Solid-state electrolytes

Solid-state electrolytes are solid ionic conductors that are also electrically
insulating materials [139]. The first inorganic solid-state electrolyte was
discovered by Michael Faraday in the 19th century, and it was silver sulfide
(Ag2S) [140]. Currently, the most popular group of solid-state electrolytes consists
of conductive polymers, with the first of them, polyethylene oxide (PEO), being
invented in the 1970s by V. Wright [141]. Other popular polymer electrolytes
include polyvinylidene fluoride (PVDF) [142], polyacrylonitrile (PAN) [143], and
polyethylene glycol (PEG) [144] . Solid-state electrolytes have many advantages,
such as high electrochemical stability, nonflammability, low corrosiveness, easy
and stable storage at room temperature and reduced negative environmental
impact. All these factors contribute to decent specific energy values. However,
reduced ionic conductivity (ranging from 0.1 to 10 mS cm') makes these systems
inefficient for applications requiring higher current regimes [145]. In such cases,

it is better to use a lithium-ion battery, which will provide more energy.

4. Lithium-ion batteries (LIBS)

At the beginning of the twentieth century, the enormous potential of lithium
as a battery material was recognized. It is a metal with the lowest density, low
electrochemical potential (around -3.05 V vs. SHE), and a high energy-to-mass
ratio [146]. The American physical chemist George Newton Lewis began
experiments with lithium batteries as early as 1912, but real work on lithium-ion
batteries only emerged in the 1970s [147]. The breakthrough occurred in 1974
when Stanley Whittingham first used titanium disulfide (TiS;) as a cathode
material, which had a layered structure and could accommodate lithium ions
without significant changes in its crystal structure [148]. Another important step
toward lithium-ion cells occurred in 1979. Professor John Goodenough at the
University of Oxford replaced TiSz with another cathode material — LiCoO2[149].
They created a new type of lithium battery, where lithium could travel through the
battery from one electrode to the other in the form of ions. This solution forms the

basis for current lithium-ion batteries. Then, in 1985, Akira Yoshino used
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petroleum coke as an anode material for batteries, where molecular-level spaces
were observed that could host lithium ions [150]. Following this discovery, the first
commercial lithium-ion battery appeared in 1991. It was introduced by Sony to
their cameras, and other companies soon followed the Japanese giant's lead
[147]. The great advantage of lithium-ion technology over then dominant nickel-
cadmium was quickly recognized. The advantages were not only the high density,
allowing one to store twice the charge in a battery of the same size, but also the
high cell voltage at 3.6 V. Whittingham, Goodenough, and Yoshino were awarded
a Nobel prize in 2019 [151].

4.1. Principle of operation

Lithium-ion batteries are made up of an anode (mainly graphite) and a
cathode made of a lithiated metal oxide (e.g., LiCoO2), which are separated by a
membrane soaked in an organic electrolyte (mainly LiPFe salt dissolved in an
EC:DMC mixture) (Figure 6) [152]. A characteristic feature of lithium-ion cells is
their high specific energy (up to 250 Wh kg*), which is due to the high capacity
of the electrodes as well as the wide operating voltage range of the cell (3.6 — 3.8
V) [153]. The cathode operates in a potential range up to 4.3 V vs. Li/Li*, while
the anode can operate at a potential close to 0 vs. Li/Li* [154]. The anode can
operate at such a low potential due to a phenomenon called intercalation. The
intercalation mechanism involves the reversible incorporation of lithium ions into
the structure of transition metal compounds (which make up the cathode material)
and graphite (which is usually the anode material) without fundamentally
changing the crystal structural parameters of these substances [155]. The basic
elements of the intercalated material unit cell remain unchanged except for minor,
reversible distortions of the structure. The overall reaction that occurs during the
charging of a lithium-ion cell is presented in Equation 2 [156], where X is the
percentage of 1 mol of lithium ions intercalated into the graphite structure.

Charge
LiCOOZ + C6 EEE— Lil_xCOOZ + LiXC6 (2)
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Figure 6. Lithium-ion battery construction.

When a closer look at the curve (Figure 7) representing the galvanostatic
charging of a graphite electrode is taken, one can observe that at a potential of
about 1 V vs. Li/Li*, capacitive processes related to the formation of the SEI layer
begin. Subsequently, the intercalation process occurs until the system reaches
the theoretical value for graphite (372 mAh g?) at a potential close to 0 vs. Li/Li*
[157]. However, this curve has a characteristic shape, indicating that the
intercalation of lithium ions into the graphite electrode structure occurs gradually.
The characteristic drop followed by a plateau in potential values is the result of
progressing through successive stages of intercalation. Initially, there are no
lithium atoms in graphite (Cs), but upon reaching the stage 4, lithium enters the
structure with ratio of one lithium atom for every 72 carbon atoms. In stage 3,
there is already twice as much lithium (LiCss). In the second stage of intercalation,
every other graphene layer is filled with lithium (LiC12). After reaching the first
stage, all interlayer spaces in the graphite structure are filled with lithium,

meaning one lithium atom for every 6 carbon atoms (Figure 8) [158]. Prolonged
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charging of the system may cause lithium to deposit on the surface of the graphite
(known as lithium plating), which is a highly undesirable phenomenon as it can
lead to the formation of metal dendrites and poses a risk of short-circuiting the
system [159].

3.0
GRAPHITE INTERCALATION
0.30 -

2.5 S 025
+>. 5.8 é 0.20 4
. 204 4
é 8 015
-l s
g 154 Eow
I e 0.05 4
c
& 1.0+ 0.00 ; ; ; :
8 0.0 0.2 0.4 06 08 1.0

x in Li,Cg
0.5 4
00 T T Y T T T . | L T , 1 L I\ 1
0 50 100 150 200 250 300 350 400

Capacity, mAh g'
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Lithium-ion batteries have several advantages and disadvantages. The
most important advantage is their high specific energy, which means that they
can store a large amount of energy per unit mass of the system. This makes them
ideal for portable devices such as electronics, electric vehicles, and other
applications where weight and space are critical factors. Another advantage is
their long lifespan (up to 2000 cycles with NMC cathode) compared to other
energy storage technologies. They also have a very low self-discharge rate,
which means that once charged, they maintain their charge level for a long time
[160]. In addition, these batteries can be charged relatively quickly and do not
suffer from memory effect or lazy battery issues. However, their disadvantages
include the high production cost (both for individual components and for the
assembly process). There are also safety concerns, as they can potentially
explode or catch fire in the case of overcharging or overheating. Furthermore,
they are not environmentally friendly due to the use of organic solvents and rare
metals in the cathodes [161]. Another significant issue is the decreasing
availability of lithium worldwide, which will make these batteries increasingly
expensive. In general, lithium-ion batteries offer a combination of benefits that
make them suitable for many modern applications, but they also come with

challenges that need to be managed effectively.

4.2. Electrode materials

The selection of electrode materials for lithium-ion batteries is complex and
significant. The choice of cathode and anode materials impacts the final
performance of the battery [162]. Each material comes with its unique benefits
and drawbacks, making it appropriate for various applications depending on the

needs for specific energy, specific power, safety, lifetime, and cost.
Cathodes

There are several main cathode materials available on the market
(Figure 9). One of them is lithium cobalt oxide (LCO) [163]. LiCoO: is
characterized by a high capacity of approximately 150 mAh g and good cycle
stability (500 — 1000 cycles). The working plateau of the cathode is in the range
of 3.8 volts - 4.3 volts vs. Li/Li*. However, the LCO electrode has poor thermal
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stability (around 150°C) and is relatively expensive. In addition, there are
environmental and ethical concerns with respect to the use and extraction of
cobalt [164]. Despite these numerous drawbacks, cathode material is used in
batteries for small electronics, smartphones, and laptops.
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Figure 9. Comparison of Li-ion batteries with different cathode materials and
LTO anode material [165].

The next cathode material is lithium iron phosphate (LFP) [166]. LiFePOa4 is
characterized by a special olivine structure that provides excellent thermal
resistance and safety. This electrode can operate for a very long time without
signs of damage (over 2000 cycles). LFP also has a great capacity (160 — 170
mAh g7), but the low working plateau of the electrode (around 3.3 V vs. Li/Li*)
means that the overall energy stored by batteries with this cathode is lower
compared to other cathode materials. Batteries with LFP are used as energy
storage systems and in electric vehicles specifically, where the lifespan of the cell
is more important than the stored energy [167].

Another cathode material is lithium manganese oxide (LMO) [168]. LiMNn204

has a characteristic 3D spinel structure, which provides good thermal stability and
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high-rate capability. Furthermore, this material is quite safe and relatively
inexpensive. It has a slightly lower capacity compared to other materials (120 —
130 mAh g), but with a working potential of 3.8 — 4.3 V vs. Li/Li*, it can remain
competitive. However, cells with LMO cathodes quickly lose capacity over time,
remaining effective for only about 300 — 700 cycles [169]. The short lifespan

significantly limits their use to power tools and small medical devices.

The next cathode material is lithium nickel cobalt aluminum oxide (NCA)
[170]. LiNiCoAlOz2 is primarily characterized by high specific energy and long
lifespan. The capacity of the material is 175 mAh g, with a working plateau
potential of 3.5 — 4.3 V vs. Li/Li*. Unfortunately, poor thermal stability (up to
150°C), high electrode cost, and high safety concerns make this material rarely

used in the current industry (primarily used in Tesla cars) [171].

The most versatile and currently the most widely used cathode material is
lithium nickel manganese cobalt oxide (NMC) [172]. LINIMnCoOz2 is the most
balanced cathode material, providing good thermal stability (210°C), long lifespan
(1000 — 2000 cycles), and high capacity (150 mAh g with a working potential of
3.7 — 4.3 V vs. Li/Li*). NMC is used in most electronic devices and electric
vehicles [165]. Nevertheless, because of the high production cost and the use of
cobalt, a better alternative to NMC is still being sought.

Anodes

Anode technology has remained relatively consistent over the years, but
advances in Li-ion cathodes, new materials, coatings, and manufacturing
processes require ongoing research. Given the anode, enhancing the anode

component is crucial for creating long-lasting batteries [173].

Currently, most commercially available batteries for mobile phones or
laptops are lithium-ion batteries with a graphite anode. The graphite anode has
the best compatibility with the cathodes used in Li-ion [157]. With its layered
structure, low working potential (0.15 — 0.25 V vs. Li/Li*), good electrical
conductivity, low cost, and stable cycling performance, graphite has dominated
as anode materials for years. However, with its limited theoretical capacity (372
mAh g*) and high potential for lithium plating at high charge rates, it is still far

from a perfect solution.
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Another solution that is currently gaining popularity among scientists is
silicon-based anodes [174, 175]. Their distinguishing feature is an enormous
theoretical capacity (4200 mAh g1), which is more than 10 times greater than that
of the graphite currently used [176]. The operating potential of such electrodes is
also very low (around 0.4 V vs. Li/Li*), allowing for a huge amount of specific
energy to be obtained. Unfortunately, significant volume expansion during cycling
leads to mechanical degradation and reduced lifespan. However, if the volumetric
expansion of the electrode could be controlled, silicon-based electrodes would
likely replace graphite electrodes [177].

The last anode material is lithium titanate (LTO) [178]. LiaTisO12 is
characterized by a distinctive spinel structure, exceptional safety, and a long
cycle life. Batteries with LTO anodes have been known since the 1980s. They
are most commonly paired with NMC, allowing charging even at a 5C current rate
[179]. The lifespan of cells with this electrode is estimated to be up to 7000 charge
and discharge cycles [180]. Additionally, LTO is safe and performs well even at
low temperatures up to -30°C. The use of LTO eliminates the formation of the SEI
layer and the phenomenon of lithium plating on the electrode surface during fast
charging. The thermal stability is also significantly better than that of other
materials. Despite its numerous advantages, this material has a low capacity of
175 mAh g and operates at a potential of 1.5 V vs. Li/Li*, which results in a very
low specific energy compared to graphite (around 65 Wh kg1), making it more of

a competitor to nickel-cadmium batteries [181].

4.3. Electrolytes

The electrolyte in lithium-ion batteries is responsible for ionic conductivity
between the cathode and anode during charging and discharging [182]. The
choice of electrolyte affects the overall performance of the battery, its safety, and
its longevity. A good electrolyte should provide high ionic conductivity while
maintaining electronic insulation; additionally, it should be stable within the
operating range of the cell, preferably nonflammable and nontoxic, and
compatible with electrode materials [183]. Due to the high operating voltage of

lithium-ion cells (3.6 — 3.8 V), aqueous electrolytes are disqualified in favor of

Adam Mackowiak, PhD Dissertation | 41



One-step assembly of metal-ion capacitors using
redox-active electrolytes

organic electrolytes. Currently, various electrolytes are used with different
compositions and ratios of compounds. The most common electrolyte ensuring
stability and high ionic conductivity is LP30, which is 1M LiPFes in EC:DMC (1:1,
V:V) solution [184].

Ethylene carbonate (EC) has a high dielectric constant and forms a stable
SEI layer on the surface of the anode [185]. Dimethyl carbonate (DMC) has low
viscosity and improves ionic conductivity [186]. Other commonly used solvents
include diethyl carbonate (DEC) [187], which is very similar to DMC but has a
slightly higher boiling point (126°C), and propylene carbonate (PC), which is
rarely used due to the formation of an unstable SEI layer with graphite. However,

PC is used much more frequently in sodium-ion cells [188].

Among the salts dissolved in organic solvents, lithium hexafluorophosphate
(LiPFe) is often used [189]. It is characterized by balanced conductivity, stability,
and safety. During its decomposition, a protective film is formed on the electrode.
However, this salt is very sensitive to the presence of water, as it can react to
form strong hydrofluoric acid [190]. Another salt used in electrolytes is lithium
tetrafluoroborate (LiBF4), which provides good stability and safety but has slightly
lower ionic conductivity than LiPFs [191]. Another salt is lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), with very high thermal stability and
high ionic conductivity [192]. However, due to higher production costs and the
potential for corrosion of aluminium current collectors, it is less commonly used
in industry. The last salt is lithium bis(oxalato)borate (LIBOB), which forms a

stable SEI on the surface of the anode and also improves the battery life [193].

In addition to organic liquid electrolytes, solid electrolytes are also used,
such as polyethylene oxide (PEO), which is flexible and can form thin films, but
has lower ionic conductivity at room temperature [194]. Another type of solid
electrolyte is ceramic electrolytes, which provide high ionic conductivity and
excellent thermal stability. Examples of such electrolytes are LLZO [195], which
has high conductivity and stability against lithium metal, and LLTO [196], which
has moderate ionic conductivity but very high chemical stability. In addition, there
are gel electrolytes, which are a hybrid between liquid and solid electrolytes.

Here, polyethylene glycol (PEG) [197] is used, offering flexibility and ease of
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processing, as well as polyacrylonitrile (PAN) [198], used in some gel

formulations for its mechanical properties and compatibility with lithium salts.

To boost battery performance, additives are often introduced into the
electrolytes. The selection and combination of these additives depend on the
specific needs of the battery, such as high specific energy, extended cycle life,
safety, and operational conditions. Vinylene carbonate (VC) and fluoroethylene
carbonate (FEC) are commonly used to enhance the stability of the SEI layer,
extend the life cycle, and minimize capacity loss [199, 200]. Lithium
bis(oxalate)borate (LIBOB) is added to enhance cathode stability, reduce
decomposition at high voltages, and improve battery safety [201]. Triphenyl
phosphate (TPP) and trimethyl phosphate (TMP) are employed to improve
thermal stability and safety [202, 203]. Lithium bis(trifluoromethanesulfonyl)imide
(LITFSI) is used as a high voltage stabilizer to prevent oxidation [192]. Vinyl
ethylene carbonate (VEC) helps reduce gas formation during cycling, preventing
swelling, while lithium fluoride (LiF) is often used to enhance the ionic conductivity
of the SEI layer [204, 205].

4.4. SEIl formation

The Solid Electrolyte Interphase (SEI) is a thin layer of chemical compounds
formed on the surface of the anode material (mainly the graphite electrode) during
the electrochemical reduction of the electrolyte [206]. This layer is usually about
100 — 120 nm thick and is responsible for the stability of the electrode and the
transfer of lithium ions into and out of the graphite structure [207]. At the same
time, the SEI blocks the movement of anions and other compounds into the
anode electrode. This layer plays an important role in the longevity of the entire
battery system [208].

The SEI layer is mainly formed during the first charge-discharge cycle of a
lithium-ion battery, where the electrode material reacts with the electrolyte at the
solid/liquid interphase. At a potential between 1.2 V and 0.8 V vs. Li/Li*, the
electrochemical reduction of the electrolyte occurs, leading to the formation of
chemical compounds such as lithium fluoride (LiF) and lithium ethylene

dicarbonate (LEDC) [209]. The formation of these compounds is accompanied
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by a considerable volume of organic gases as by-products of this reaction. Gases
emitted are mainly ethylene and ethane [210]. The released gases can pose a
problem in the long term, as they increase the pressure in the system. In the
production process of lithium-ion batteries, the gases released during SEI
formation are removed using various techniques. For example, during the
assembly of pouch cells, a special "pocket" is created, which is cut off after

several charging cycles, and the generated gases are being removed [211].

During subsequent charge-discharge cycles, further reduction reactions of
the electrolyte and the previously formed compounds occur. Here, LEDC is
mainly further decomposed, forming additional compounds, both inorganic
(lithium carbonate (Li2CO3), lithium oxide (Li2O), lithium hydroxide (LiOH)) and
organic (lithium alkyl carbonates (LIOR) and polyethylene oxide (PEO)) [212].
During the cyclic operation of the system, gases are still released, but in much
smaller quantities, and their composition is mainly limited to carbon dioxide (CO2)
[213].

The breakdown of LEDC somewhat reduces the tightness of the SEI layer,
which is why the so-called cycling formation of the system is important. In
subsequent cycles, the SEI is resealed with additional decomposition products,

building successive SEI layers and forming a stable structure (Figure 10).
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a conventional electrolyte (LiPFs in EC:DMC, 1:1, v:v) [212].
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Several important factors influence the formation of the SEI. One of them is,
of course, the electrolyte used (lithium salts with solvents and organic additives).
The choice of electrolyte determines the composition and thickness of the SEI
layer, which can ultimately affect its stability [214]. Furthermore, the rate of the
SEI formation process depends on the applied current regime. A higher applied
current will result in a thinner and more cracked SEI layer, whereas a slower
charging current will result in a thick, tight, but more resistive SEI. Therefore, it is
crucial to find the optimal solution for the system being used. Temperature is also
a very important factor, since it influences the rate of chemical reactions and the
solubility of salts in the organic electrolyte. The type of negative electrode,
whether graphite, LTO, or silicon-based mixtures, will also affect the final

composition of the SEI layer.

As already mentioned, the formation of the SEI layer has a significant impact
on the cyclic operation of the entire electrode. On the one hand, the process of
SEI formation may seem unfavorable because part of the lithium is consumed,
which increases the irreversible capacity of the system and also increases the
resistance in the system, thereby lowering the ionic conductivity of the electrolyte.
On the other hand, the SEI layer, which is insoluble in the organic electrolyte,
protects the negative electrode from the continuous decomposition of solvents
and also allows the unobstructed flow of lithium ions to and from the anode
electrode, maintaining the operating potential of the electrode and significantly
improving the cyclic performance and lifespan of the entire battery [215].

5. Metal-ion capacitors (MICs)

The development of hybrid metal-ion capacitors began in 1981 with Dr.
Yamabe and Dr. Yata, who pyrolyzed phenolic resin at 400 — 700°C to synthesize
polyacenic semiconductive (PAS) [216]. This material was explored for its high
specific energy and commercialized by Kanebo Co. The PAS capacitor was first
used in 1986, and by 1991, a similar material was used in the concept of LICs.
Among various possible electrode material combinations, the pairing of an
activated carbon positive electrode with a lithium intercalation negative electrode
has proven to be the most effective so far. Consequently, the first LIC is

considered to have been introduced in 2001 by Amatucci et al., introducing
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activated carbon as the positive electrode, LTO as the negative electrode, and
1M LiPFs in EC:DMC as the electrolyte [65]. Since then, anode materials such as
graphite and hard carbon have been tested to enhance energy capacity while
maintaining power output comparable to that of EDLCs. As a relatively new
energy storage technology, the research on lithium-ion capacitors is not as

extensive as that on LIBs or EDLCs but is rapidly increasing each year [217].

5.1. Principle of operation

Metal-ion capacitors are a class of hybrid electrochemical energy storage
devices that combine the charge storage mechanism characteristic of EDLCs
(charging electric double-layer) and Li-ion batteries (intercalation/deintercalation
of lithium ions) [218]. They use a high specific surface area carbon material
(characteristic of EDLCs) as the positive electrode and an intercalation material
(mainly graphite, characteristic of Li-ion batteries) as the negative electrode,
which undergoes reversible lithium-ion intercalation reactions. During charging
and discharging, lithium ion intercalation and deintercalation occur within the
negative electrode material, while on the positive electrode, ions are adsorbed
and desorbed in the pores of the carbon material [219]. Since the process on the
positive electrode is non-faradaic (no redox reactions or structural changes
occur), it is relatively fast compared to the ion intercalation process occurring on
the opposite electrode, limiting the power of such a lithium-ion capacitor to the
negative electrode [54]. However, faradaic reactions that occur on the negative
electrode result in a higher capacity on the anode, so the positive electrode limits
the specific energy of the capacitor. Doping the anode lowers its potential,
thereby achieving a higher output voltage for the capacitor. Typically, the output
voltage for lithium-ion capacitors ranges from 3.8 to 4.0 V [56]. However, they are
limited by a minimum voltage of 1.8 to 2.2 V because if the voltage drops below
these values, lithium ions deintercalate faster than they can be restored during
normal use. Lithium-ion capacitors can store 5-10 times more energy (up to 70
Wh kg?t) than conventional electrical double-layer capacitors, and unlike
batteries, they have a relatively higher specific power (up to 10 000 W kg*) and
longer lifespan (up to 100 000 cycles) [220]. The self-discharge rates for hybrid

capacitors range between those of lithium-ion batteries and EDLCs because of
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the use of activated carbon electrodes, which is the main cause of this

undesirable process.

5.2. Lithium-ion capacitors (LICs)

Lithium-ion capacitors (LICs) are the leading hybrid metal-ion capacitors
today, largely due to the distinctive electrochemical properties of lithium and the
technological success of lithium-ion batteries [221]. LICs feature a negative
electrode made from graphite or LTO, facilitating the intercalation process
(Figure 11). The positive electrode typically consists of activated carbon or
mixtures of activated carbon with lithiated salts or conductive polymers. A
membrane made from fiberglass or polymers (PE, PP), saturated with an organic
electrolyte (commonly 1M LiPFs in EC:DMC), separates the electrodes [57]. This
design offers several benefits discussed above, but there are notable drawbacks,
mainly the high production cost. This cost is driven by the complex assembly and
balancing procedures, including a pre-insertion phase and meticulous charge
balancing between electrodes. Consequently, the high production cost confines
its use to applications that require high power and energy [222].

LICs find applications in electric and hybrid vehicles, particularly in
regenerative braking systems, enabling rapid energy capture and release [223].
They are also utilized in start-stop systems and as auxiliary power sources. LICs
are beneficial for charge leveling and energy storage in renewable energy
systems, such as solar and wind power, helping to balance supply and demand
[224, 225]. In the industrial sector, LICs are used in equipment that requires
dependable, high-power energy storage, such as backup power supplies and
uninterruptible power systems (UPS). They also provide backup power for
telecommunication systems, ensuring consistent performance during power
outages. In addition, LICs are used in railway systems for power management,

supporting auxiliary power units, and energy recovery during braking [226].
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Figure 11. Schematic construction of the lithium-ion capacitor [54].

5.3. Sodium-ion capacitors (NICs)

Due to concerns about lithium availability, recent scientific research has
turned to exploring sodium as a more cost-effective alternative [227].
Consequently, there has been an increase yearly in the number of articles on
sodium-ion technology [228-230]. Activated carbon is used as the positive
electrode in the construction of NICs (Figure 12). However, unlike lithium
technology, graphite cannot serve as a negative electrode because sodium
cannot form graphite intercalation compounds [231]. Initially, this was believed to
be due to the larger size of sodium ions (0.95 nm) compared to lithium ions (0.6
nm), making it difficult for sodium to fit into graphene structures. However, the
main reason is the alteration in the chemical bond between alkali metal ions and
carbon atoms [232, 233]. Therefore, hard carbon is frequently used as the
negative electrode in sodium-ion systems, resulting in a more stable anode when
sodium is inserted [234]. Unfortunately, hard carbon has a notable disadvantage

compared to graphite: it has a higher irreversible capacity due to a different SEI
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formation mechanism, giving it a theoretical capacity of about 320 mAh g, which
is lower than graphite (372 mAh g?), leading to a lower specific energy of the
device [235]. Additionally, because of the different negative electrodes, other
electrolyte solvents are used. The most common electrolyte is 1M NaPFes in a
mixture of EC:PC [236]. However, studies indicate that using NaClOa4 in the same
solvent mixture can improve NIC performance [237]. While the solvent mixture
with PC provides stable SEl, it has lower ionic conductivity (=9 mS cm)

compared to lithium electrolytes (~13 mS cm?).

Sodium-ion capacitors are intended to be a more affordable alternative to
LICs but come with several disadvantages. The most significant is the reduced
specific energy due to the lower capacity of the hard carbon electrode.
Furthermore, the lower conductivity of the electrolyte and the different SEI
formation mechanisms also make lithium-ion technology superior. Additionally,
the negative electrode is less stable, resulting in a shorter lifespan for NICs
compared to LICs. Despite these drawbacks, sodium-ion technology offers lower
production costs, no problem with sodium availability, and higher specific power
values, as hard carbon electrodes handle higher current regimes better than

graphite electrodes [238].
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Figure 12. Schematic construction of the sodium-ion capacitor.

5.4. Potassium-ion capacitors (KICs)

Potassium ion capacitors (KICs) utilize potassium ions for storing charge
and have a construction similar to lithium-ion capacitors (LICs) [239]. In KICs,
graphite is typically used as the negative electrode and activated carbon is used
as the positive electrode. The key difference lies in the electrolyte, which contains
potassium ions instead of lithium ions, with 1M KPFs in EC:DMC being the most
common choice [240]. Recently, diethylene glycol dimethyl ether (Diglyme, DEG
DME) has become increasingly popular as a solvent, as it enhances the
performance of potassium-ion cells by reducing self-discharge rates and
improving the cyclability [241]. The process of inserting potassium ions into
graphite is well-documented, involving the melting of potassium over graphite
powder to form a KCs structure [242]. This process results in the potassium being
inserted into the graphite, changing its color from black to bronze. The structure
is characterized by the potassium ions being twice the distance between the

hexagons in the carbon framework. However, fully intercalated graphite
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electrodes are pyrophoric, which poses safety risks for potassium-ion systems.
Despite these challenges, potassium-ion capacitors are a promising area of
research in energy storage due to their potential cost benefits, abundance, and
favorable electrochemical properties, although they still face significant
challenges in materials development and long-term stability [243].

5.5. Pre-insertion techniques

Unlike lithium-ion batteries, metal-ion capacitors require a stage called pre-
intercalation or pre-insertion [244]. This stage involves intercalating/inserting
metal ions into the structure of the negative electrode during first charging cycle,
so it gains the characteristics of a battery-type electrode. In LIBs, lithium ions
come from the cathode; in the case of hybrid capacitors, it is activated carbon,
and the lithium ions in the electrolyte are insufficient to intercalate the negative
electrode. Unfortunately, the pre-insertion process is an additional step that
needs to be performed during cell preparation, which significantly impacts the
production costs of metal-ion capacitors. That is how it is so important to find a
solution to the pre-insertion process to reduce the time, and cost of LICs
assembly. Currently, four pre-insertion methods are known in the literature: using
an auxiliary metallic electrode [245], using a positive composite electrode [246],
using a concentrated (lithiated) electrolyte [247], and using a thicker positive
electrode [248].

The first pre-insertion techniqgue was proposed in 2006 by Fuji Heavy
Industry and Aida et al., where they used an auxiliary metallic electrode [249].
Initially, this process involved first the assembly of a half-cell of lithium versus
graphite, intercalation of the graphite, disassembling the cell and reassembling it
with activated carbon (Figure 13). Later, the process was improved by
introducing a small amount of metallic lithium into the assembled hybrid, which is
intended to be entirely used for the graphite intercalation process in the first
charging cycle. This solution was described by JM Energy in their ULTIMO
systems [250]. Nevertheless, the construction of such a cell was very
complicated, and there was a high risk of short-circuiting due to the lithium

electrode. In addition, the use of lithium raised safety concerns. Another problem
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was that lithium was often not fully used up in the intercalation process, and its
residues quickly formed dendrites, causing system short circuits and,

consequently, short lifespan of the hybrid capacitors.
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Figure 13. Assembly of lithium-ion capacitor using an auxiliary metallic

electrode approach for pre-insertion.

Another pre-insertion technique is the use of a composite positive electrode
(Figure 14) [244]. In this case, the positive electrode of such a cell consists of a
mixture of activated carbon with lithium metal oxide. The purpose of adding this
to activated carbon is to conduct an irreversible chemical reaction that supplies
the charge necessary to balance the capacity of the negative electrode and
enable its intercalation. Additionally, during the reaction, lithium ions are
released, which are essential for proper pre-insertion. The first composite
material used was a mixture of activated carbon with lithium molybdate
(Li2M0oOs3), with a total capacity of 207 mAh g [246]. Unfortunately, the lithium

molybdate oxidation reaction occurs at a potential of 4.7 V vs. Li/Li*, which
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exceeds the electrolyte decomposition potential (for 1M LiPFs in EC:DMC it is
about 4.5 V vs. Li/Li*). Furthermore, approximately 30% of lithium is reinserted
into the structure of the composite material, which is an undesirable
phenomenon. In subsequent years, other additives were tried to increase
capacity, such as Li2RuOs [251] and LisFeOas [252], but only the use of lithium
metal oxide (LisCo0Oa4) provided a lower reaction potential (4.3 V vs. Li/Li*) than
the electrolyte decomposition potential [253]. However, this solution still did not

solve the reversibility issues of the reaction.

Therefore, over time, a new group of sacrificial materials was developed,
designed to undergo electrochemical oxidation during the first charging cycle,
rendering the compound inactive [254]. One example of such a salt is Li2DHBN,
presented by Jezowski et al. This salt, being of organic origin, was not only
expected to completely decompose during the first charging cycle but also to
have a positive environmental impact [255]. Despite excellent electrochemical
performance and system longevity, the final oxidation product still remained in
the electrolyte/electrode, making it a dead mass that degraded the performance
of the LIC. Recently, attempts have been made to add compounds to the
electrode that evolve to a gaseous state after electrochemical oxidation. An
example of such a compound is dilithium squarate (Li2C404), which oxidizes to
COg2, which can then be easily removed from the system [256]. Nevertheless, the
increase in pressure and gas release causes irreversible changes in the positive

electrode, leading to the search for other pre-insertion methods.
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Figure 14. Assembly of a lithium-ion capacitor using a composite materials

approach for pre-insertion.

Another method of pre-inserting metal ions into the structure of the negative
electrode is the use of a concentrated electrolyte [247]. In 2012, Decaux et al.
proposed a pre-insertion method in which, using 10 successive charge/self-
discharge pulses, they pushed the lithium ions from the electrolyte (2M LiTFSI in
EC:DMC) to the graphite electrode (Figure 15). However, this technique only
partially intercalated the negative electrode, resulting in a reduced electrode
capacity and consequently lower energy of the entire cell. Additionally, the
presence of a very concentrated electrolyte negatively affects the viscosity
parameter and, most importantly, reduces the ionic conductivity of the electrolyte.
The use of this technique is also economically unfeasible because of the use of
very large amounts of expensive LiTFSI salt.

The last pre-intercalation method is using a thicker positive electrode. This
method, known as mass balancing, aims to equalize the capacity between the
positive and negative electrodes by increasing the mass of one of the electrodes
[248]. Due to the higher theoretical capacity of graphite (372 mAh g1) compared

to activated carbon (about 70 mAh g?), a larger positive electrode is used to
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balance the charge between the electrodes. Unfortunately, this method often
proves ineffective, and additionally, the resistance resulting from using such a
thick electrode negatively impacts the performance parameters of the entire cell.
Moreover, the very heavy positive electrode adversely affects the specific energy

values, which are calculated based on the mass of the entire system.

The presented pre-insertion methods allow for effective pre-insertion of
metal ions into the structure of the negative electrode; however, each of them has
its drawbacks and risks, making metal-ion capacitors still an unpopular and
unprofitable device on the market. Therefore, new solutions that will contribute to

the popularization of metal-ion capacitors are crucial.

714

°®
ee oo ®epp,

Activated carbon

® © o @

Figure 15. Pre-insertion of graphite electrode using

concentrated electrolyte approach.
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6. Electrochemical research techniques

There are many known electrochemical techniques in the literature that are
commonly used in laboratories. These methods are used to study the behavior
of electrochemical systems such as capacitors, batteries, fuel cells, single cells,
and sensors. These techniques help to understand the properties of materials,
electrolytes, and reactions at the electrode-electrolyte interface. Techniques are
often divided based on whether the surface or the bulk of the electrolyte, collector,
or electrode is being studied (Figure 16). Often, the potential or voltage of the
cell is checked with an external current of zero (OCV). However, the most popular
are dynamic techniques, in which the parameters of the components remain

constant except for one, which is the subject of the study.

Research can be conducted using either a two- or three-electrode setup.
Two-electrode studies are typically used for full cells, industrial cells, where there
are only two electrodes: the working electrode (WE) and the counter electrode
(CE). Typically, these are the anode and cathode or positive and negative
electrodes. However, in preliminary scientific research or fundamental studies,
three-electrode studies are often used, where, in addition to the WE and CE,
there is also a reference electrode (RE). The reference electrode has a known,
stable working potential (e.g., metallic lithium, whose working potential in an
organic environment is -3.05 V vs. SHE [257]), which allows the study of not only

the entire system but also individual electrodes.

Electroanalytical

techniques

Interfacial techniques

Bulk techniques

Conductometry
Static techniques Dynamic technigques
Potentiometry
Controlled-potential Constant-current
techniques techniques
Amperometry Voltammetry Coulometry  Electrogravimetry

Figure 16. Scheme of electroanalytical techniques [258].
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Cyclic voltammetry (CV)

Cyclic voltammetry is one of the voltametric techniques in which a linearly
variable potential is applied to the working electrode during measurement [259].
The term "cyclic" comes from the measurement method, where in the electrolyte
a reaction X — Y, such as an electrooxidation reaction, is directly followed by the
reverse process, i.e., an electroreduction reaction Y — X. This allows for
obtaining information about the kinetics and mechanisms of electrode processes.
The potential starts from a minimum value to a maximum value - the anodic cycle,
after which the polarization direction of the electrode changes from the maximum
value back to the minimum. Oxidation processes occur during the anodic cycle,
whereas reduction processes occur during the cathodic cycle. Such a polarization

cycle of the working electrode can be repeated multiple times.
Galvanostatic cycling with potential limitation (GCPL)

Using the GCPL technique, the changing potential of a cell is studied over
time while a constant current value is applied [260]. Naturally, the study is limited
by specified potential limits (upper and lower) to prevent cell damage. GCPL is
the most standard tool for studying the cyclic operation of cells. The dependence
C/h is often used, where C is the maximum theoretical capacity of the cell, and h
is the time in which the user wants the cell to be charged to capacity C. The study
of galvanostatic charging and discharging can be repeated many times; it is often
performed until the cell exceeds 80% of its initial capacity. Such an exceedance
suggests cell deterioration, and the number of charging and discharging cycles

performed is often an indicator of the cell’s lifespan.
Potentiostatic electrochemical impedance spectroscopy (PEIS)

The electrochemical impedance spectroscopy has many applications in
corrosion, battery, fuel cell development, sensors, and physical electrochemistry.
It can provide information on reaction parameters, corrosion rates, porosity of the
electrode surfaces, coating, mass transport, interfacial capacitance
measurements [261]. The PEIS experiment performs impedance measurements
in potentiostatic mode by applying a sinus around the DC potential that can be

set to a fixed value. For very capacitive or low impedance electrochemical
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systems, the potential amplitude can lead to a current overflow that can stop the

experiment in order to protect the unit from overheating.
Step-Potential Electrochemical Spectroscopy (SPECS)

The SPECS technique is a relatively new method for characterizing energy
storage systems. It was first introduced in 2015 [262], where it was used to
describe electrode materials in electrical double-layer capacitors. This technique
involves applying a series of gradual potential changes (called potential steps) to
the system, which are separated by a rest time [263]. During these potential
steps, the current response is measured. In this technique, it is very important
that the potential steps are as small as possible, making the technique more
precise. However, it is even more important that the rest time is long enough for
the current response to stabilize. The total current response (IT) after each
potential step is then thoroughly analyzed and separated into three components:
lepL, associated with the formation of the electric double-layer; Ib, associated with
diffusion processes; and Ir, associated with additional redox reactions occurring

in the system (Equation 3) [264].

Ir = Igp, +1Ip + I (3)

To calculate each of the individual parameters, their components must be
taken into account. It is important to note that during the formation of the electric
double-layer, there are processes occurring on the porous surface of the
electrode, as well as processes occurring in the bulk of the electrode. Therefore,
considering the influence of the rest time (t) and the potential step (AE), it
becomes feasible to compute additional components such as resistance (RebL),
differential capacitance (CepL), diffusion parameter (B) and residual current (Ir),

resulting in the formulation of the final equation (Equation 4) [265].

AE t B
Iy = exp (_—)+t07+IR (4)

REDL RepL+CEpL

By combining the calculated system components, a thorough illustration of
the performance of the system can be explained. Therefore, SPECS is a quick
and effective method for determining the stability of electrode materials,

evaluating ionic mobility within the electrolyte, measuring the equivalent series
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resistance (ESR) of electrode materials, and optimizing cell engineering [266].
Galvanostatic intermittent titration technique (GITT)

Unlike SPECS, GITT involves applying a current pulse to the system and
measuring its potential response. GITT is a widely recognized and frequently
utilized method, mainly for determining the diffusion coefficient in energy storage
systems. The Weppner and Huggins equation is typically used to calculate
diffusion values [267]. However, to accurately determine the diffusion coefficient
in systems with a graphite electrode, a modified version of the equation is used
[268]:
2.2 2
D :i(%) 2 for (‘L’ « %) (5)

o Ez—El tp

symbol D represents the diffusion coefficient [m2 s71], 1 is the interval time from
charging to discharging (excluding relaxation phase) [s], and L is the sample
thickness [m] in Equation 5. The potential response observed during GITT
comprises five distinct phases: starting from the initial potential (Eo), transitioning
through the voltage jump (IR drop, E1 — Eo), progressing to the increment phase
(E2 — Eu), further proceeding through the subsequent IR drop (Es — E2), and
ultimately reaching the phase of final resting potential (E4) (Fig. 1). Using this
eguation, along with the potential response data, the values of tp (pulse duration)

and rp (particle radius), allow the determination of the diffusion coefficient.

7. Summary

Currently, people are increasingly using electronic devices, creating a
continuously growing need for energy storage systems. However, the solutions
currently in use are no longer sufficient. When people buy devices such as
laptops or cell phones, the battery lasts for a few hours of intensive work and then
needs to be recharged. After about two years, the battery is usually damaged and
needs to be replaced. Therefore, it is crucial to develop new technologies that

meet consumer needs and contribute to environmental protection.

The most commonly used energy storage system today is lithium-ion
batteries, which consist of a lithium-intercalated layered anode and a lithiated

metal oxide as the cathode immersed in an organic solution. Li-ion batteries
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currently provide the best specific energy relative to moderate power. For
applications where rapid use of stored energy is required, EDLCs perform best.
The absence of Faradaic reactions, which store energy solely based on

electrostatic attraction, makes them well-suited for high-power applications.

However, much has already been achieved in the development of both
EDLCs and Li-ion batteries, so new solutions such as hybrid metal-ion capacitors
are being sought. These combine both energy storage mechanisms -
electrostatic attraction and the anode intercalation process. Hybrid capacitors
have many advantages and represent an optimal solution where high power and
high specific energy are needed, but they are limited by the necessary pre-
insertion stage. Currently, there are several pre-insertion techniques, but none
can provide comprehensive lithium-ion insertion with an economic approach.
Solving this problem could be a breakthrough in energy storage systems and,

who knows, might one day replace the currently used batteries.
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Chapter I

Dissertation aims and outline
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Aim and scope of thesis

The main problem aimed to be solved during the dissertation is to optimize
the assembling of metal-ion capacitors. The use of auxiliary metallic lithium
electrodes is somehow dangerous for the working environment and expensive
for industrial use. Furthermore, the presence of a dead mass on the positive
electrode in sacrificial composites and the loss of conductivity during intercalation
of concentrated electrolytes are issues that require further optimization [269]. At
the same time, all of these problems might be solved using redox-active
electrolytes. Therefore, the following hypothesis is proposed:

In hybrid metal-ion capacitors, a redox-active electrolyte can work as a charge
balancer and facilitate the insertion of metal ions from the electrolyte into the

anode structure.

The research concept is to dissolve the calculated number of electroactive
species (namely thiocyanate salt) in common electrolytes used for Li-ion, Na-ion,
and K-ion capacitors, which will allow for the full insertion of metal ions into the
graphite or hard carbon electrode structure. During charging, redox reactions
related to the dissolved compound in the electrolyte will take place at the positive
electrode. The potential of the positive electrode should remain constant
(plateau) or slope slowly, until the redox reaction is exhausted. During this time,
metal ions (lithium or sodium or potassium from the electroactive compound) will
intercalate into a carbon structure at the negative electrode. The cell charged in
this way will be examined in terms of determining the operating voltage, self-
discharge, ageing or power/energy values. Then, detailed tests of both the
electrolyte and electrode materials after electrochemical work will be carried out
with the use of spectroscopic analyses. After understanding the processes in the
cell and selecting the optimal conditions, electrolyte and electrode materials of
the hybrid capacitor, the system will be assembled to compare the values with
commercial systems. Finally, other redox-active additives will be searched that
could find an application in the one-step assembly approach.

The scientific novelty of the work is the approach of one-step pre-

insertion of the carbon-negative electrode in metal-ion capacitors.
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Nevertheless, the pre-insertion process from the electrolyte is already described
in the literature; however, it is not with the redox-active electrolyte and not with a
completed full insertion process. This solution brings many advantages and
solves problems encountered with the previous methods, especially the problem
of the loss of electrical conductivity by the electrolyte and the cost of the cell
assembly. The cell obtained by this method may additionally have higher power
and energy values than the commercially used metal-ion capacitors and may
constitute a breakthrough in energy storage devices. Further developments of the
system could bring the Li-ion capacitors above those currently used Li-ion
batteries, but this is still a far-reaching conclusion. Additionally, the SPECS
technique was employed in the research, which so far has only been used to
describe the operation of electrical double-layer capacitors. By utilizing the
SPECS technique in systems with Faradaic reactions, it was possible to
accurately describe important parameters like capacity, resistance, or diffusion
coefficient during electrochemical operation. The SPECS technique may become
a powerful tool for research on not only electrochemical capacitors but also
battery cells.

Structure of the thesis

The doctoral thesis consists of three published scientific articles (A) and
two manuscripts (M) submitted to peer-reviewed scientific journals, considered
as unpublished results on the thesis submission date. The thesis is divided into
six chapters. The first chapter describes a literature review regarding energy
storage systems: electrical double-layer capacitors, lithium-ion batteries, and
hybrid metal-ion capacitors. The second chapter presents the aim of the work
with the research hypothesis highlighted, the main assumptions, and the
structure of the entire dissertation. In the third chapter, article (Al) and
manuscript (M1) are presented, which confirm the previously stated hypothesis
regarding the use of redox electrolytes for conducting a one-step pre-metalation
method for metal-ion capacitors. For this purpose, an electrolyte with the addition
of thiocyanate salt was used. The fourth chapter presents article (A2) and

manuscript (M2), which introduce the SPECS technique, as a comprehensive tool
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for studying the intercalation process of graphite anodes and allows for the
assessment of the impact of redox-active salt additives in the electrolyte. The fifth
chapter describes attempts to use other redox-active salts instead of thiocyanate
salts, which can be utilized in the one-step pre-metalation approach in metal-ion
capacitors, with an example of acetate salts presented in article A3. The final,
sixth chapter of the thesis is a description of the obtained results and a summary
of the conducted research. At the end of the work, a list of the candidate's
achievements is included, along with statements from co-authors about their

contributions to the conducted research.
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Chapter llI

One-step assembly approach

using thiocyanate additive

Article 1: Redox-active electrolytes as a viable approach for the one-step

assembly of metal-ion capacitors

Manuscript 1. Li-ion capacitor exploiting a redox-active electrolyte
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one-step assembly of metal-ion capacitors
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Ishikawa, Krzysztof Fic

Journal: Energy Storage Materials, 2024, 65, 103163
DOI: doi.org/10.1016/j.ensm.2023.103163
Licence: The content is available under CC BY 4.0

Contribution:  Conceptualization, data curation, formal analysis, investigation,

methodology, visualization, writing — original draft.

TRADITIONAL HYBRID SYSTEM HYBRID SYSTEM WITH REDOX

Activated carbon vs. metallic electrode Electrolyte preparation
assembly (charging up to 4.2 V) ‘

o __—» Activated carbon :
Separator soaked
I'u with electrolyte O
=~ —~—s wecas
U, Metallic electrode Z
- m
& ez RN Thiocyanate salt Common electrolyte |
gparator soake
— Separat ked w
TR with electrolyte Dissolving a small amount of e |
T~ Metallic electrode thiocyanate salt in electrolyte %
Graphite/hardcarbon vs. metallic electrode
>
bly (chargi t0 0.01V
assembly (charging up to 0. ) wn
o TTTTTTTTTTTTTTTITS T
L ; =
= _—* Activated carbon ——* Activated carbon
m Separator soaked Separator soaked with E
D with electrolyte electrolyte + SCN salt _<
"~ Graphite/hardcarbon T Graphite/hardcarbon
=
8 Ell: d_isassembly anq assembly of new cell Activated carbon vs. graphite/hardcarbon
w _ with charged a_ctlv_elted carbon and assembly (charging up to 4.2 V)
7] intercalated graphite/ inserted hardcarbon

Adam Mackowiak, PhD Dissertation | 66


https://doi.org/10.1016/j.ensm.2023.103163

One-step assembly of metal-ion capacitors using
redox-active electrolytes

Manuscript 1:

Li-ion capacitor exploiting a redox-active electrolyte

Authors:

Journal:
DOI:

Licence:

Contribution:

Adam Maékowiak, Pawet Jezowski, Adam Slesinski, Yukiko
Matsui, Kazunari Soeda, Masashi Ishikawa, Krzysztof Fic
Unpublished data

Restricted data

Conceptualization, data curation, formal analysis, investigation,

methodology, visualization, writing — original draft.

Li* from LiISCN @

Li* from LiPFg

Activated carbon

Intercalation Redox capacitance

Adam Mackowiak, PhD Dissertation | 67



One-step assembly of metal-ion capacitors using
redox-active electrolytes

Context of the research and summary

The motivation for conducting the research in the first two works is to solve
the problem of assembling metal-ion capacitors. Current techniques make the
construction of metal-ion capacitors expensive, time-consuming, dangerous, and
often result in reduced cyclic performance of the cell. Based on a literature review
[124, 125, 247, 270] and preliminary research, it was hypothesized that it is
possible to insert metal ions into the structure of the negative electrode using a
redox-active electrolyte. Naturally, this hypothesis needs to be confirmed, which
is why the first two papers focus on attempting to insert metal ions into the
structure of negative electrodes using the addition of thiocyanate salts to popular
electrolytes. A series of electrochemical and spectroscopic studies were
conducted to confirm the hypothesis and explain the changes occurring in hybrid

capacitors.

Article 1 focused on the insertion of lithium, sodium, and potassium ions in
lithium-ion, sodium-ion, and potassium-ion capacitors, respectively. At the very
beginning of the supplementary information, the exact procedure for calculating
the addition of thiocyanates to the electrolyte is provided, along with instructions
on how to assemble a hybrid capacitor with this electrolyte. Subsequently, tests
were conducted in half-cells with activated carbon vs. metal (lithium, sodium, or
potassium). Initially, cyclic voltammetry tests were performed, where irreversible
activity of thiocyanate salts was observed. Furthermore, voltammograms for
sodium, lithium, and potassium were compared, showing that despite very similar
chemical composition, the activity of thiocyanates in each system is different. This
is likely due to the size of the cation and its solvation shell, which causes charge
storage in the pores at the electrode/electrolyte interface to vary. Additionally,
galvanostatic charge and discharge tests were conducted in the same system,
confirming the irreversibility of the thiocyanate reaction. It was observed that in a
single charging cycle at a C/10 current, capacities of about 200 mAh g could be
obtained from the reaction. Adding the capacity of activated carbon can balance

the capacities of the positive and negative electrodes.
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Next, to confirm the hypothesis, a full system of graphite (or hard carbon)
vs. activated carbon was assembled, with metal (lithium, sodium, or potassium)
added as a reference electrode. In this system, a successful attempt was made
to insert metal ions into the structure of the negative electrode. A plateau of the
potential on the positive electrode was observed, allowing for the insertion of
metal ions into the negative electrode. In the case of the graphite electrode, all
stages of intercalation were observed. A comparative study was also conducted
by assembling the same system without the addition of thiocyanates - this
system, of course, did not allow for intercalation, and the potential of the positive
electrode quickly reached the cut-off limit. Furthermore, cyclic studies were
conducted in a three-electrode system to compare the performance of individual
electrodes during cyclic operation, where gradual degradation of the negative
electrode was observed. Electrochemical impedance spectroscopy studies were
then conducted, comparing the resistance of a hybrid Li-ion capacitor assembled
using the traditional method (with metallic lithium) and one assembled using the
one-step assembly method with a redox-active electrolyte. Despite similar ESR
values, the diffusive layer resistance for the system with SCN- was significantly
lower, translating to lower resistance values in systems assembled with the redox
electrolyte. PEIS also examined the conductivity of the electrolytes, suggesting
that the addition of SCN- slightly lowers ionic conductivity (from 13 to 11 mS cm~
1), but after extraction, the conductivity value returns to the optimal value used in

conventional electrolytes.

Subsequently, the specific power and energy of five systems were
calculated: a lithium hybrid assembled using the traditional method (71 Wh kg,
130 W kg?), a hybrid with the addition of LISCN (115 Wh kg, 125 W kg?), a
hybrid with the addition of NaSCN (91 Wh kg, 156 W kg?), a hybrid with the
addition of KSCN (78 Wh kg, 130 W kg), and a hybrid assembled with a ten
times heavier positive electrode (27 Wh kg, 179 W kg) to compare the charge
balancing and mass-balancing techniques. It is evident that mass balancing is
not effective, as adding mass to the system reduces the specific energy values.
The values obtained using the one-step assembly technique with the redox

electrolyte are higher than the energy values obtained using the traditional
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technique. Even for the sodium system, which is limited by the lower capacity of

hard carbon, higher specific energy was obtained.

A series of spectroscopic studies were then conducted to examine both the
electrolyte and the electrodes before and after electrochemical operation. FTIR
studies showed that for the electrolyte before electrochemical operation, a signal
from thiocyanates at a wavelength of 2072 cm can be observed. However, this
signal disappears after the first extraction and completely vanishes after a few
cycles of system operation. Raman spectroscopy, X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), transmission electron microscopy (TEM),
High-Angle Annular Dark-Field Scanning Transmission Electron Microscopy
(HAADF-STEM), and Energy Dispersive X-ray Spectroscopy (EDS) studies were
also conducted. Unfortunately, none of the techniques used provided a definitive
answer about the composition of the final product of thiocyanate oxidation in an
organic medium. It is likely that thiocyanate oxidation follows multiple pathways.
However, the data suggests that the final product is still a mixture of sulfur and
carbon precipitated on the surface of the positive electrode. The last study
conducted in this article is gas chromatography with mass spectrometry to identify
gases emitted during the first charging cycle of the system. It was observed that
in addition to the characteristic gases released during the formation of the SEI
layer, a large volume of gases with m/z = 44 and 76 are emitted. Mass 44 is
responsible for the formation of an intermediate oxidation product of SCN to the
unstable compound CS, which then transitions to the more stable form of CS:2
with a mass of 76. The conducted studies do not establish a uniform reaction for
the thiocyanate anion, but they show that it may not be linear and can lead to the
formation of several different products. Nevertheless, the hypothesis was
confirmed, as it was successfully possible to insert metal ions into the structure

of the negative electrode using a redox-active electrolyte in metal-ion capacitors.

In Manuscript 1, the focus was on improving the process of lithium-ion
intercalation into graphite structures in lithium-ion capacitors, then identifying the
reaction mechanism of the thiocyanate anion, followed by optimizing the
assembly process and comparing the obtained results with commercial systems.

The main goal was to determine whether the one-step assembly approach has
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marketable potential and how a system assembled this way compares to
commercial cells, as well as to investigate what exactly happens with

thiocyanates during pre-intercalation.

The research began with a half-cell of activated carbon vs. metallic lithium
in an organic electrolyte with added LiSCN to study the activity of the additive.
Two reactions were observed, the first at a potential of about 3.5 V and the
second at about 4.1 V vs. Li/Li*. The two oxidation reactions suggest the
formation of an intermediate product and its subsequent oxidation to the final
form. The reaction is also slightly reversible. However, after just 6 cycles, the
redox activity completely disappeared, and the positive electrode exhibited only
capacitive behavior. Next, the negative electrode was examined in a half-cell with
and without LISCN addition using galvanostatic charging and discharging. No
significant difference was observed in the performance of the negative electrode,
only a slightly higher capacity was used for SEI layer formation in the system with
lithium thiocyanate, indicating an increase in the system's irreversible capacity.
This observation suggests that SCN- ions may affect the thickness and integrity
of the SEI layer.

Subsequently, a three-electrode one-step pre-insertion was conducted with
and without thiocyanate salt. In the setup, besides the negative electrode
(graphite) and the positive electrode (activated carbon), metallic lithium was used
as the reference electrode. LISCN salt delivered additional capacity, allowing full
intercalation of the graphite electrode. Without the thiocyanate salt, intercalation
was not possible, and the positive electrode quickly reached the electrolyte
decomposition potential. Then, the performance of both electrodes was
examined during cycling tests in the voltage range of 2.2 V to 4.2 V. The positive
electrode operated in a capacitive manner, characteristic of electrochemical
capacitors, while the negative electrode maintained potential through redox
reactions (intercalation). Over time, the negative electrode began to degrade. The
system was then analyzed using impedance spectroscopy, and Nyquist and
Bode plots were obtained for pre- and post-cycling operation. The equivalent

distributed resistance (EDR) improves after cycling due to better intercalation of
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the graphite; however, the curve shape indicates issues with the diffusive layer

resistance during electrochemical operation.

Next, the obtained cycling results were compared with a commercial
system. The system with LISCN recorded about 2400 cycles at a higher operating
voltage, while the commercial system operated for tens of thousands of cycles at
a voltage range of 2.2 V to 3.8 V. Additionally, self-discharge of the commercial
LIC, a hybrid capacitor with LISCN, and a commercial EDL capacitor was
compared. Generally, EDL capacitors exhibit high self-discharge, which was also
observed in this case. For the LIC with SCN, the voltage dropped by about 0.2 V
after 12 hours, still giving a higher voltage than the commercial capacitor.
However, the precise construction of the commercial capacitor results in minimal
self-discharge (0.02 V after 12 hours) and contributes to improved system
cyclability. Therefore, the next step was to compare the energy and power of the
system. A Ragone plot was created to show the importance of the mass of
individual components on the specific energy and power of the system. Specific
energy was determined for the following components: active electrode mass, total
electrode mass, current collector mass, separator mass, CR2032 casing mass,
and electrolyte mass. The hybrid capacitor with LISCN achieved better energy
values (9 Wh kg?) compared to the commercial LiC (7 Wh kg?) when both
systems exhibited a capacity of about 20 F and energy values were calculated
based on all components. This result indicates that, besides effective charging,
the one-step assembly technique allows for better specific energy values.

Further studies aimed at identifying thiocyanate reactions were initiated.
FTIR studies showed the disappearance of the signal at a wavelength of 2072
cm?, characteristic of SCN. Raman spectroscopy, SEM with EDS, XPS, and
tomography images were also conducted, revealing the cracking of the negative
electrode after cycling. GCMS was used to identify gases produced during the
operation of the system with SCN. Characteristic gases for the SEI layer with
masses 24, 25, 26 and 27 were observed from compounds C2H2, C2Ha.
Additionally, other masses not present in the system without SCN were identified:
48 (S0O), 58 (C2H2S), and 60 (COS). A sharp increase in mass 44 (CS, CO2) and

76 (CS2) was also noted. The multitude of obtained masses suggests the
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formation of many reaction products. Initially, an unstable CS compound likely
forms, which can then react, mainly producing CS2 but also SO and COS, as
confirmed by gas chromatography. Manuscript 1 presented a series of possible
reactions and highlighted one with the highest probability, where ethylene
carbonate reacts with LISCN, yielding lithium cyanate and thiirane, with carbon
dioxide as an intermediate product. The most important conclusion is that no
harmful hydrogen cyanide is formed during oxidation, therefore LISCN are safe

to use as an electrolyte additive.

In summary, both works present an effective one-step assembly pre-
insertion approach for metal-ion capacitors using redox-active electrolyte with
thiocyanate salts. This technique saves time and money during the assembly of
metal-ion capacitors and increases their specific energy. Of course, the solution
has some issues, such as lower cyclability and higher self-discharge compared
to commercial cells, but these can be addressed with proper electrode balance

and better cell construction.

Adam Mackowiak, PhD Dissertation | 73



One-step assembly of metal-ion capacitors using
redox-active electrolytes

Article 1

Adam Mackowiak, PhD Dissertation | 74



One-step assembly of metal-ion capacitors using
redox-active electrolytes

Energy Storage Materials 65 (2024) 103163

G

ELSEVIER

Contents lists available at ScienceDirect
Energy Storage Materials

journal homepage: www.elsevier.com/locate/ensm

energy
storage
materials

Redox-active electrolytes as a viable approach for the one-step assembly of

metal-ion capacitors

Adam Macékowiak ?, Pawet Jezowski ?, Yukiko Matsui ", Masashi Ishikawa ™, Krzysztof Fic

Check for
updates

a,b,*

* Institute of Chemistry and Technical Electrochemistry, Poznan University of Technology, Berdychowo 4, Poznan 60-965, Poland
Y Department of Chemistry and Materials Engineering, Faculty of Chemistry, Materials and Bioengineering, Kansai University, 3-3-35 Yamate-cho, Suita 564-8680,

Japan

ARTICLE INFO ABSTRACT

Keywords:

Lithium-ion capacitor
Sodium-ion capacitor
Potassium-ion capacitor
One-step preintercalation
Redox-active electrolyte
Metal-ion capacitor

The assembly of metal-ion capacitors is a very challenging task; the use of traditional metallic electrodes or
sacrificial materials induces technical problems during cell assembly or affects its normal operation. Here, we
report an efficient, one-step method for assembling metal-ion capacitors using redox-active electrolytes with
thiocyanate-based salts. The addition of a redox-active salt compensates for the charge on the positive electrode
while enabling the insertion of metal ions into the structure of the negative electrode. The proposed approach
reduces assembly time and cost and results in increased specific energy compared to that from the traditional

two-step assembled hybrid systems. Furthermore, we demonstrate that the proposed approach can be success-
fully implemented for sodium-ion and potassium-ion hybrid capacitors. Our results are supported by operando
techniques and can potentially facilitate further research on metal-ion capacitors and applications of these

devices.

1. Introduction

Currently, secondary batteries (especially lithium-ion batteries; LIBs)
[1-3] and electrochemical capacitors (ECs) [4-7] are the two main
technologies used for electrochemical energy storage. On the one hand,
the storage of electrical energy in LIBs is based on slow redox reactions
in the electrode bulk [8,9]; on the other hand, the energy storage in ECs
is related to the formation of an electric double-layer (EDL) at the sur-
face of electrodes [10,11]. Although LIBs can store more energy (~250
Wh kg™!) than ECs (~10 Wh kg™ 1), their power rarely exceeds 1 kW
kg ', and their lifespan is limited to approximately 1000 cycles. In
contrast, ECs can reach a power of 10 kW kg ' and store energy
continuously for millions of cycles due to the capacitive storage mech-
anism [12,13]. However, in recent years, a novel hybrid energy storage
system that combines the features of LIBs and ECs, namely, lithium-ion
capacitors (LICs) has emerged [14-17].

LIC construction is very similar to all energy storage devices; there
are two electrodes, separated by a porous membrane, soaked in the
electrolyte. The main difference, compared to other devices, is that the
energy storage mechanism for each electrode is different. The positive
electrode is most often similar to the one in ECs (porous electrodes such
as activated carbon) and stores energy in the form of EDL [ 18], while the

negative electrode is characteristic of LIBs (for example, graphite),
which undergoes continuous intercalation and deintercalation of
lithium ions from its structure [19]. This internal combination of two
completely different mechanisms enables the attainment of energy and
power that cannot be achieved by traditional ECs and LIBs, respectively.
However, to obtain a fully functional LIC, it is usually necessary to
prelithiate the negative graphite electrode, and thus far, there are three
available methods for successful prelithiation [20]. The first method
uses metallic lithium introduced as an auxiliary electrode. When the
prelithiation of graphite is performed in one cell, the intercalated
graphite electrode is removed and placed in the second cell with a
positive activated carbon electrode [21]. The use of metallic lithium is
considered rather unsafe because it can lead to the formation of den-
drites, which can further cause internal short-circuiting [22]. To avoid
the mentioned issues, it is possible to incorporate lithium-rich salts into
the composition of the positive activated carbon electrode and create a
composite electrode [15,23,24]. During the initial polarization, the
lithium salt releases lithium ions and compensates for the charge
necessary for the intercalation of the negative electrode, and afterwards,
the oxidized form of lithium salt is no longer electrochemically active.
Nevertheless, in most cases, the oxidized salt is present in the electrode
composition (forming so-called dead mass), which can significantly
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decrease the overall electrochemical performance of the cell [25];
However, recent studies show that during oxidation of the lithium salt,
the product can dissolve in the electrolyte [15] or be in a gaseous state
[26]. Finally, the last method uses a highly concentrated electrolyte that
plays the role of a lithium-ion reservoir. However, the data presented
show that the drop in lithium-ion concentration is so significant that the
lifespan of this device is less than 500 cycles [27].

Our study presents an original approach to the preintercalation/
preinsertion of lithium-, sodium-, and potassium-ion capacitors, called
metal-ion capacitors (MICs); we propose the addition of soluble redox-
active salt to the electrolyte (Fig. 1).

2. Results and discussion
2.1. Redox activity of the electrolyte

Based on previous considerations, we aimed to intercalate a graphite
electrode using lithium ions from the electrolyte. The current literature
reports certain concepts using concentrated electrolytes, but all were
unsuccessful in certain aspects [27]. The charge necessary to intercalate
a negative electrode often exceeded the charge accumulated by a posi-
tive electrode. Therefore, our first approach was to balance the charge
using a much larger positive electrode (10 times heavier than the
negative electrode). Notably, the intercalation using only lithium ions
from the electrolyte was possible if the charge of the positive electrode
was properly balanced (Supplementary Fig. S1a). However, a problem
developed during cycling because the large mass of the positive elec-
trode caused the applied current to be devastating for the negative
electrode (Supplementary Fig. S1b). Finally, this approach reduces the
power and energy of the system [28].

To mitigate this issue, we proposed a different approach using a
redox-active additive to the electrolyte. Additional redox reactions
could balance the charge between the positive and negative electrodes
as well as provide the necessary metal ions for preintercalation/pre-
insertion. For this reason, thiocyanate salts were selected as the redox-
active additives because of their expected solubility in organic sol-
vents and known redox activity in aqueous electrolytes [29]. To inves-
tigate the redox activity of SCN™ anions in an organic medium, they
were studied as electrolytes in lithium-ion, sodium-ion, and
potassium-ion capacitors,

Thiocyanate salts were found to be easily dissolved in organic elec-
trolytes (carbonates) and demonstrate a redox response at ca. 3.5 V vs.
metallic reference, as shown in Fig. 2a. The redox potential strongly
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6 Two-step assembly (charging up to 4.2V)
Qv assembly
. C—
W 4 Separator soaked
N g R - with electrolyte
Higher possibility of 5 R e
short circuit during «— =
cell assembly " — ——— __» Graphite/hardcarbon
 —
o with *
T Metallic electrode
Use o - Graphite/hardcarbon vs. metallic electrode
electrode (dangerous) assembly (charging up to 0V)
o
Time-consuming E
assembly w
(=]
=
Less econoaicREEN 8 Cells disassembly and assembly of new cell
b} with charged activated carbon and
©) intercalated graphite/ inserted hardcarbon

Energy Storage Materials 65 (2024) 103163

depended on the applied current density; thus, it was decided to use C/
10 current density for the first charging process (C - theoretical capacity
of graphite, 372 mAh g~ ). With the NaSCN system, a different solvent
was used (ethylene carbonate (EC):propylene carbonate (PC) mixture,
optimal for sodium-ion capacitors) [30], which reduced the operational
voltage window (the signal from the electrolyte decomposition), This
solvent was used due to the reaction of metallic sodium with the elec-
trolyte 1 mol L~! NaPFs EC:dimethyl carbonate (DMC) containing SCN”
ions (Supplementary Fig. S2a,b). Based on the cyclic voltammetry pro-
files, each system was characterized by two oxidation reactions of the
thiocyanates. Notably, despite the presence of the SCN™ anion, which
was responsible for the redox reaction, the current response differed
between each system. For the sodium-ion cell, the different responses
could be due to different solvent interactions [31]. However, between
the lithium- and potassium-containing cells, the only difference in the
cell composition was the cation, which apparently plays a significant
and often underestimated role in charge storage. Another important
advantage of thiocyanate salts was the irreversibility of their electro-
chemical reactions - reversible redox reaction could lessen the work of
the positive electrode, which could affect the voltage of the entire sys-
tem and, as a result, cause the energy decrease.

In practice, thiocyanate reactions were slightly reversible, as shown
in Fig. 2b. The obtained capacity did not reflect the theoretical capacity
(for detailed calculations for the theoretical capacity, please see the
supplementary description). With each cycle, the capacity from the SCN”
reaction decreased, and it could provide the calculated value. However,
the capacity obtained in the first cycle was the most important from the
preinsertion process point of view. Therefore, the redox activity of
thiocyanate salts fulfilled all the necessary requirements for their
possible implementation in metal-ion capacitors.

2.2. Metal-ion capacitors assembled in one step

In the previous section, it was confirmed that the redox reaction
occurs at well-defined electrode potentials. Next, it was necessary to
determine whether the redox reaction enabled the intercalation/inser-
tion of cations into the structure of the negative electrode without the
use of a metallic electrode or sacrificial materials, For this purpose, a cell
with a negative electrode (graphite) and a positive electrode (activated
carbon) was assembled. Salt containing the SCN™ anion was added to the
electrolyte, and the cell was charged with a C/10 current (Fig. 3a). The
addition of a thiocyanate salt changed the potential slope of the response
from the positive electrode, which enabled full intercalation of the
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Fig. 1. Schematic representation of the assembly of a traditional hybrid metal-ion capacitor and hybrid system with redox-active electrolyte.
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negative electrode. For comparison, another system that did not contain
thiocyanate ions was constructed. In this case, the lack of a plateau re-
gion from the response of the positive electrode caused the voltage
cutoff limit to be quickly reached, which did not enable the negative
electrode to even reach the second stage of intercalation. The cell was
then run for cycling (Fig. 3b). The system worked very effectively; even
after 1000 cycles, it maintained an efficiency above 80 % of the initial
capacitance. A slight degradation of the negative electrode was
observed.

The previous experiment was then repeated with the sodium-ion
capacitor (Fig. 3c). In this case, the graphite was replaced with hard-
carbon because of the inability of sodium to form graphite intercalation
compounds. Generally, this was considered to be caused by the size
mismatch between Na and the graphite interlayer spacings, but the
major reason was the change in the chemical bonding between the alkali
metal ions and carbon atoms [32,33]. Sodium-ion capacitors are char-
acterized by a different mechanism of solid-electrolyte interphase (SEI)
formation with the insertion of sodium ions into the structure of hard-
carbon. Nevertheless, the presented approach was successful since the
full insertion of sodium ions into hardcarbon was obtained. In Fig. 3d,
the first and 20th cycles of the system are shown. Despite the high
resistance, the system retained acceptable capacitance.

Following the success of lithium- and sodium-ion systems, the tech-
nique was also tested on potassium-ion capacitors. Since potassium
could react with the styrene-butadiene rubber present in the graphite
electrode (Supplementary Fig. $3), the material was changed to one that
did not have this additive. Fig. 3e presents the insertion of potassium
ions during the initial charge of the potassium-ion capacitor. However,
during cycling (Fig. 3f), problems were encountered, showing the
devastating effect of potassium ions on the graphite structure. The high
current forced the rapid evacuation of large potassium ions from the
graphite, causing its destruction. Reducing the current (e.g., C/10) could
help; however, the system would still significantly lose capacitance, and

the negative electrode potential was heading toward a zero value, i.e.,
the plating of metallic potassium. To improve the operation of the po-
tassium system, a different electrolyte or negative electrode could be
used; despite this, the proposed one-step assembly technique was also
applicable to potassium-ion capacitors.

2.3. Comparison with traditional hybrid Li-ion capacitor

To compare hybrid one-step assembly capacitors, a traditional two-
step hybrid lithium-ion capacitor was constructed, Both cells were
characterized with electrochemical impedance spectroscopy (Fig. 4a).
The equivalent series resistance (ESR) values were similar for both
hybrid systems, as they were constructed with the same electrode ma-
terials. The response from the Stern layer on the spectra for both systems
was comparable; the size of additional SCN™ ions did not impact the
Stern layer thickness. The electric double-layer response was also similar
for both hybrid systems. However, small deviations were visible for the
thiocyanate-containing system, which meant that some of them were
still active in the system and produced a redox response. The diffusive
layer resistance (characterized by the second semicircle, Fig. 4a Re(Z)
ca. 16 Q) for the one-step assembly hybrid was much lower than for the
traditional hybrid (21 Q) likely due to the precipitation of conductive
salt on the electrode/electrolyte interphase. Therefore, the product of
SCN™ oxidation did not negatively affect the resistance of the materials.

In the next step, the resistance was compared for both systems at a
minimum (2.2 V), medium (3.2 V), and maximum (4.2 V) working
voltage. The resistance curves for one-step and two-step assembly hy-
brids were very similar; however, for the SCN-containing system, the
lower diffusive resistance enabled improved charge propagation. Addi-
tionally, it was changing with continuous working; thus, it could be
concluded that certain chemical processes were ongoing in the electro-
lyte. In the beginning, these processes appeared beneficial for the sys-
tem, but the final product of the reaction could still be a concern. The
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discharging of the full cell; first cycle and last cycle.

equivalent distribution resistance (EDR) value for the one-step assembly
hybrid was smaller, meaning that the charge was better distributed and
that the maximum power of the device was higher than that for the two-
step assembly system.

Comparing first charging and discharging curves for one-step and
two-step assembled systems it should be noted that they are not the same
(Supplementary Fig. S4). For the lithium-ion capacitor, the increased
capacity of the positive electrode for the SCN-based system is notable,
which affects further the energy value. In the case of the sodium-ion
capacitor, there are no significant differences between the results of
different construction techniques. However, in the case of a potassium-
ion capacitor, the system using the two-step technique can store much
more charge, which indicates that the electrolyte premetalation tech-
nique for potassium-ion capacitors should be further improved, as it is
very sensitive to the given current density and potassium cations
diffusion.

Subsequently, the specific power and energy of the system with the
redox reactions were investigated. Fig. 5 shows the dependence of the
specific power and energy of the tested systems during the first cycles of
their operation. The worst energy (27 Wh kg ') properties were found in
the system with a large positive electrode, which was explained earlier
in the article. A hybrid potassium-ion capacitor also provided an

insufficient amount of energy (60 Wh kg ™1) due to the destruction of the
graphite structure from large potassium ions. The sodium system was
limited by hardcarbon, had a smaller capacity compared to graphite and
demonstrated high energy (92 Wh kg™!) and power. Moreover, the
lithium-ion capacitor with redox-active electrolyte produced a very high
energy (115 Wh kg™ ') that was comparable to lithium-ion batteries and
completely outperformed the traditional hybrid capacitor (71 Wh kg ).
This result was very promising because it demonstrated a lithium-ion
capacitor that could offer higher power and, especially, a long life cycle.

2.4. Spectroscopic and operando GCMS investigation

To determine whether the thiocyanate anion is stable after dissolving
in the electrolyte, Fourier-transform infrared (FT-IR) spectra were ob-
tained (Fig. 6a). Signals from the solvents and conductive salts were
observed, as well as a strong signal from the SCN ™ anion at a wavelength
of 2072 ecm™!. After confirmation of the SCN~ anions stability in the
solution, a comparison of the electrolyte with SCN" after extraction was
performed. The signal from SCN decreased; however, it did not disap-
pear completely, which confirmed that the thiocyanates were still active
even after the extraction; this result agreed with electrochemical tests
(Fig. 2b). A similar relationship was observed for systems with sodium
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working voltage (2.2 V), (c) at medium working voltage (3.2 V), and (d) at maximum working voltage (4.2 V).

and potassium (Supplementary Fig. S6a,b). Proper development of the
SEI was very important for the operation of the cell [34], and in the
LiSCN system, the signals coming from the solvent (especially from
DMC, 2965 cm~! and 1605 cm™!) decreased after the first charging
cycle.
Raman spectra were obtained to determine the change in electrode
material before and after electrochemical work (Fig. 6b and c; Supple-
mentary Figs. $8a,b, and S9a,b). Using a microscope, small local areas
could be found where a yellow precipitate appears (Supplementary
Fig. §7a,b). Preliminary analysis showed that it was a complex com-
pound of sulfur with carbon, oxygen and likely lithium. The presence of
this yellow precipitate might not be beneficial for the longer cycling of
the system since it could clog the pores of the activated carbon,
Nevertheless, this small amount of conductive salt did not significantly
affect the first cycles of the electrochemical work. To describe the
precipitated compound in more detail, an analysis was performed using
an X-ray diffractometer (Supplementary Figs. S10-512). Unfortunately,
the small amount of the obtained compound or its lack of crystallo-
graphic structure did not enable an accurate description of the obtained
structure. Also, to extend the characterization of the system with thio-

cyanate anion additional experiments were performed: X-ray

Photoelectron Spectroscopy (XPS) (Supplementary Fig. S13), Trans-
mission Electron Microscopy (TEM), High-Angle Annular Dark-Field
Scanning Transmission Electron Microscopy (HAADF-STEM) and En-
ergy Dispersive X-ray Spectroscopy (EDS) (Supplementary
Figs. $14-516). Unfortunately, all performed techniques did not provide
clear answer about the composition of the final product of the thiocya-
nate oxidation in organic medium. Probably, there are several pathways
of thiocyanate oxidation. However, based on the obtained data, the final
product must be still the combination of sulfur and carbon.

To investigate the SCN reaction in more detail, the system was
studied using operando gas chromatography coupled with mass spec-
trometry (GCMS). The results presented in Fig. 7a showed the most
important masses formed during the first charging of the system. The
collected results were compared with those from a traditional hybrid
containing no thiocyanate anions. In both cases, gases from SEI forma-
tion were visible (signals for m/z = 24-27); these were mostly respon-
sible for the evolution of ethylene [35]. However, the signals obtained
from the hybrid were weaker, which could mean that the SEI compo-
sition was potentially different. The main compounds that were formed
during electrochemical work were ethylene (CzHy), carbon monosulfide
(CS), carbon dioxide (CO3), sulfur monoxide (S0O), thiirene (CyH,S),
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carbonyl sulfide (COS) and carbon disulfide (CS,). Notably, no toxic
hydrogen cyanide (HCN) was released. This result was also confirmed by
performing operando GCMS for the sodium-ion capacitor (Supplemen-
tary Fig. S17a).

Based on the obtained data and previous research, a potential
explanation of the reactions taking place in the system is provided.
Quantitatively, the strongest signals come from m/z = 44 and 76
(Fig. 7b). Therefore, thiocyanate is unstable under an applied voltage,
undergoes an irreversible reaction, and mainly reacts with the carbon
present in the electrode material. In the first phase, the thiocyanate
anion polymerizes to (SCN), [29]. In the second part, the polymer is
oxidized to CS [36]. During this process, elemental sulfur is also formed,
deposited on the carbon, and further reacts to form CS or a substrate for
the obtained precipitate. CS is an unstable compound; therefore, it reacts
quickly with carbon on the surface to form CS; [37] or oxidizes from
electrolyte decomposition products to form COS [38]. A carbon disulfate
product is formed on the surface of the positive electrode made of car-
bon, after which it is probably also oxidized. The resulting product is
noticeable on the surface of the electrode (Supplementary Fig. S7a,b).

3. Conclusion

The successful use of thiocyanate salts as a redox-active addition to
the electrolyte allowed for the compensation of the charge on the pos-
itive electrode, enabling the intercalation/insertion process on the
negative electrode. This provided a completely new and interesting as-
sembly of metal-ion capacitors in just one step. First, the one-step
assembled systems had lower resistance than two-step systems (16 Q
compared to 21 Q), resulting in better diffusion and charge propagation.
This was reflected in the obtained specific energy values (115 Wh kg~
compared to 71 Wh kg™'). Moreover, it was shown that SCN™ anions
underwent an irreversible reaction, which was confirmed by the signal
at 2072 cm ! in the FT-IR spectra. Operando GCMS measurements
indicated that the main reaction of thiocyanates was associated with the
formation of CS and at a later stage, CS, and other oxidized species, such
as COS.

One-step assembly has many advantages compared to the traditional
method: lower production costs, no use of an expensive and dangerous
metallic electrode, faster assembly time, and higher energy density
compared to the currently used lithium-ion capacitors. Although the
technique itself appears to work flawlessly, the use of thiocyanate salts
has certain limitations. The complicated reaction process at high
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potential causes the formation of small amounts of conductive salt on
the surface of the positive electrode; noticeable volume of gases has been
also observed. Nevertheless, these issues do not discredit the concept, as
they can be easily solved at the device processing level (e.g., primary gas
evacuation); of course, changing the redox additive can potentially solve
these issues too; however, this is a challenging task for future research.

Proposed approach could close the gap between lithium-ion batteries
and metal-ion capacitors. We believe that this concept could revolu-
tionize the metal-ion capacitor market and facilitate the development of
sustainable energy storage devices.

4. Experimental section

Electrolyte: Salts: lithium hexafluorophosphate (LiPFg), potassium
hexafluorophosphate (KPFg), sodium perchlorate (NaClO4), lithium
thiocyanate hydrate (LiSCN xH30), sodium thiocyanate (NaSCN) and
potassium thiocyanate (KSCN) were purchased from Sigma-Aldrich
(Merck). Before use, all salts were dried under a vacuum at 120°C for
one week to remove water contamination. Lithium thiocyanate hydrate
salt was predried at 100°C using a liquid nitrogen cold trap to remove
excess water. Anhydrous solvents: ethylene carbonate (EC), propylene
carbonate (PC), and dimethyl carbonate (DMC) were purchased from
Sigma-Aldrich (Merck). The electrolyte preparation for lithium cell
investigations consisted of preparing a 1 molar solution of LiPFg in
ethylene carbonate and dimethyl carbonate mixed in a volumetric ratio
of 1:1 with an addition of a calculated amount of dissolved LiSCN salt.
The same approach was used for the potassium cells, but instead of LiPFg
and LiSCN, KPFg and KSCN salts were used. The electrolyte preparation
for sodium investigations consisted of preparing a 1 molar solution of
NaClO4 in ethylene carbonate and propylene carbonate mixed in a
volumetric ratio of 1:1 with an addition of a calculated amount of
NaSCN salt. The mass of thiocyanate salts added to each electrolyte was
determined by the mass of each negative electrode and its theoretical
capacity (Supplementary description). Then, 600 L of the electrolytes
received were added to soak the separators during electrochemical cell
preparation. All reagents were stored in the MBraun glovebox, which
ensured inert environmental conditions. The conductivity values of the
electrolytes obtained are shown in Supplementary Information Fig. S19.
The conductivity measurement was performed at 25°C using a 2-elec-
trode Swagelok system with a spacer, and the impedance spectroscopy
method was used to calculate the conductivity from the resistance.

Electrode material: The negative electrode of the hybrid Li-ion
capacitor was made of copper foil covered with a mixture of graphite,
styrene-butadiene rubber (SBR), carboxymethyl cellulose (CMC) and
carbon black (total thickness = 57 ym) provided by the MTI corporation
(Supplementary Fig. S20a). The negative electrode of the hybrid Na-ion
capacitor was a laboratory-prepared electrode made of copper foil
coated with a mixture of hardcarbon (Carbotron P, Kureha), poly-
vinylidene fluoride (PVDF) and carbon black (total thickness = 93 ym)
(Supplementary Fig. S20b). The negative electrode of the hybrid K-ion
capacitor was graphite mixed with CMC and coated on copper foil (total
thickness = 100 ym) and was provided by Customcells® (Supplemen-
tary Fig. $20c). The positive electrode of all metal-ion capacitors was a
self-standing electrode made of Kuraray YP8OF (80 %), polytetra-
fluoroethylene (PTFE) (10 %) and carbon black C65 (10 %) (total
thickness = 114 pm). The microtextural characteristics of the positive
electrode were determined by using the Brunauer-Emmett-Teller
(BET) isotherm method (77 K) with N, as an adsorbate (ASAP 2460,
Micromeritics, USA). 1558 m? g ! was the surface area of the positive
electrode [6]. Before the adsorption/desorption steps, samples were
flushed at 350°C for 12 h under continuous helium flow and further
degassed at 25°C for 5 h (vacuum). The reference electrodes were made
from metallic lithium, sodium and potassium (all purchased from
Sigma-Aldrich). During half-cell measurements, the counter electrode
and reference electrode were shaped as metallic discs (d = 16 mm).

Cell assembly: First, round electrodes (d = 16 mm, A = 2 cm?) were
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Fig. 6. (a) FT-IR spectra of the electrolyte with thiocyanate anions and the electrolyte after extraction in a lithium-ion capacitor assembled using a one-step
approach; Raman spectra of the (b) positive electrode and (c) negative electrodes before and after lithium-ion capacitor electrochemical work (1000 cycles).

cut from positive and negative electrode materials using EL-Cut pro-
vided by EL-CELL®. The active mass ratio of the electrodes was
approximately 1:1. Then, the electrolyte was prepared. Before each cell
was assembled, the electrolyte was freshly prepared. After, the positive
and negative electrodes were placed in the ECC-REF electrochemical cell
(provided by EL-CELL®) and separated using two glass fibre discs (d =
18 mm, GF/D, Whatman®) soaked with 600 pL of electrolyte. The
reference electrode was inserted as metal pieces in the reference pinhole
using an ECC loader (provided by EL-CELL®). All cells were prepared in
a glovebox (MBraun) to ensure negligible amounts of water and oxygen
(<0.1 ppm). For a detailed specification of cell assembly, see the
description in Supplementary Information.

Spectroscopic investigation: Infrared spectra of the electrolyte were
obtained using an infrared spectrometer (Nicolet™ iS5 FT-IR) in the
1000-3500 cm ! wavenumber range. Electrode materials were tested
before and after electrochemical work with a Raman DXR microscope
(Thermo Fischer Scientific). Special closed cuvettes with Kapton tape
were used to prevent precipitation from oxidization. The laser power
(DXR 532 nm) was 0.5 to 5 mW, and the exposure time was 8 x20 s using

a pinhole of 50 um. X-ray diffractograms were obtained from a BRUKER
D8 Advanced apparatus equipped with a Johansson monochromator
using Cu Ka radiation (Cu Ko, A = 1.5406 A)anda LynxEye silicon strip
detector. The measurement angle was between 5 and 100 20 deg. Gas
chromatography with mass spectrometry (GC-MS) analysis was con-
ducted using EVOQ GC-TQ™ MS, Bruker. The apparatus was connected
to PAT-Cell-Gas made by EL-CELL®. The electrochemical cell was
inserted into the thermostatic chamber (25°C). The temperature of the
injector was 190°C, the column was 170°C and the mass spectrometer
was 220°C.

Electrochemical investigation: Electrochemical measurements were
performed in the ECC-Ref and PAT-Cell-Gas (in the case of GCMS
measurement) systems provided by the EL-CELL®. The reference
metallic lithium pin was introduced to ECC-Ref by using ECC-Load.
Electrochemical measurements (cyclic voltammetry, galvanostatic
charge/discharge with potential limitations, and impedance spectros-
copy) were performed via a multichannel galvanostat/potentiostat
(VMP-3 BioLogic®). Temperature control was provided by a thermo-
static chamber.
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Fig. 7. (a) Comparison of operando GCMS results of lithium-ion capacitors assembled using a one-step (darker line) and a two-step (lighter line) approach (b) only

masses used for the main SCN ™ reaction in one-step approach.
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Redox-active electrolytes as a viable approach for the
one-step assembly of metal-ion capacitors

Detailed calculations of used thiocyanate salt addition to the electrolyte

The theoretical capacity of the lithium thiocyanate (LiSCN) salt was calculated using
Faraday’s equation (Equation S1):
MIT
T Fz

Where,

m = mass of the substance, g

M = molar mass of the substance, g mol™!
I = applied current, A

T = time, s

F = Faraday’s constant, C mol"!

z = number of electrons used in single reaction, -

The molar mass of the lithium thiocyanate salt equals 65.02 mol g'. Putting this
value into the equation and changing the units it is possible to obtain capacity about 412
mAh g!. Because the exact active mass of the graphite and its theoretical capacity (372 mAh
g!) are well known, it is possible to calculate the amount of LiSCN addition to balance the
positive electrode.

For further calculations, the molar mass of sodium thiocyanate (NaSCN) was 81.07
g mol"! and the molar mass of potassium thiocyanate (KSCN) was 97.18 g mol™'. It can be
concluded that the smaller 2 molar mass of the salt is the more theoretical capacity from

the reaction will be obtained (per 1 gram of the salt).

Detailed assembly of metal-ion capacitor using one-step approach

Firstly, all electrodes and salts were dried under vacuum for over one week and
introduced to the glove box where reduced amount of water and oxygen occurs. In the
small vial, the ethylene carbonate was measured, then the same amount of dimethyl

carbonate (or propylene carbonate) was added and mixed. A lithium hexafluorophosphate

1
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(or potassium hexafluorophosphate, or sodium perchlorate) salt was further added to
solvents to obtain one molar solution. From this electrolyte, a 600 puL was taken and added
to the small vial with a calculated amount of thiocyanate salt. After 5 minutes of energetic
mixing the electrolyte was ready. The cell assembly consisted of placing a negative
electrode (16 mm, graphite/hardcarbon) on the bottom of the ECC-Ref cell. Next, two
separators Whatman GF/D were placed. After that, a small amount of metallic reference
was added to the reference hole. 600 pL of electrolyte was added to soak the separators. In
the end, the positive electrode made as a self-standing activated carbon disc (16 mm) was

placed on the top and the system was tightly closed.
Detailed assembly of lithium-ion capacitor using two-step approach

The first step of drying electrodes, and salts and then preparing the electrolyte (1
mol L-1 LiPFs in EC:DMC, 1:1, v:v) was conducted as described for a one-step approach.
Subsequently, two electrochemical cells were assembled. The first one consisted of placing
a positive electrode (16 mm, activated carbon) on the bottom of the ECC-Ref cell. Next,
two separators (Whatman GF/D) were placed and soaked with 600 pL of the electrolyte.
The counter electrode was a metallic electrode (16 mm, lithium disc). After adding the
lithium, the system was closed tightly and charged up to 4.2 V. The assembly of the second
cell was identical to the abovementioned description, however, the activated carbon
electrode was replaced with graphite electrode. The system was then charged up to 0.01 V.
After first charging, two cells were disassembled and charged electrodes were taken to
assemble a new system (actual lithium-ion capacitor), where intercalated graphite

constitutes a negative electrode and activated carbon constitutes a positive electrode.
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Figure S1. Three-electrode measurements using 10x heavier positive electrode to balance
graphite negative electrode a) first galvanostatic charging of positive and negative electrode
using C/10 allowing preintercalation of cation into the structure of the negative electrode

b) galvanostatic charging/discharging of full cell.
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Figure S2. An attempt to use redox-active sodium thiocyanate in 1 mol L' sodium
hexafluorophosphate in ethylene carbonate and dimethyl carbonate (1 mol L' NaPFs in
EC:DMC) a) cyclic voltammogram with scan rate related to C/10 current b) galvanostatic

charging using C/10 current.
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Figure S3. Preintercalation step of two potassium-ion capacitors containing graphite with
styrene-butadiene rubber and graphite without the rubber in one-step assembly using
redox-active potassium thiocyanate in 1 mol L' potassium hexafluorophosphate in
ethylene carbonate and dimethyl carbonate (1 mol L' NaPFs in EC:DMC) with C/10

current.
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Figure S4. Comparison of first charging and discharging curves for one-step and two-
step assembled a) lithium-ion capacitors b) sodium-ion capacitors c) potassium-ion
capacitors.
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Figure S5. Specific power and energy dependence chart of all assembled and
discussed hybrid-ion capacitors.
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Figure S6. FT-IR spectra of electrolyte with thiocyanate anions and electrolyte after

extraction using one-step approach a) in sodium-ion capacitor b) in potassium-ion capacitor.

Raman spectroscopy

To examine the change in the electrode materials before and after electrochemical work,
Raman spectroscopy was carried out. At first sight, the positive electrode did not change
much (Figure 6b). However, after a closer look, a small signal at 750 cm™ can be observed.
This is due to the use of a steel current collector. Thiocyanates easily react with iron in steel
collectors, therefore, to prevent this reaction a different collector material should be
applied. Also, using a microscope, small local areas can be found where a yellow precipitate
appears. It was very sensitive to the laser beam; however, we managed to obtain a Raman

spectrum and an image of this precipitate (Figure S5a,b). Preliminary analysis shows that it
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is a complex compound of sulphur with carbon and oxygen and probably lithium. Oxygen
might appear because the measurements were taken on air and the sample was oxidising.
For sodium- and potassium-ion capacitors (Figure S6a, S7a) this precipitate also appears on
the positive electrode. However, in sodium, the composition is different. The S-O
stretching bond is more clearly visible, probably because of more oxidising agents in the
electrolyte (e.g. NaClO4). On the negative electrode surface, no precipitation was observed
(Figure 6¢). However, the structure changed a lot because the disorder band signal strongly
increased. This is caused by the continuous intercalation and deintercalation of lithium
ions, which causes progressive destruction of the graphite structure. However, this is a
natural way to work with graphite. The same phenomenon (increasing of disorder band)
was observed for sodium- and potassium-ion capacitors (Figure S6b, S7b). The differences
between the graphites can also be seen because they come from different additions to the

materials (carbon black or styrene rubber).

L
S—
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Raman intensity, a.u.
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Figure S7. a) Raman spectrum and b) 50x magnification image of yellow precipitate present

on the positive electrode after electrochemical work of cell with thiocyanate anion.
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Figure S8. Raman spectra of a) activated carbon b) hardcarbon, before and after

electrochemical work (20 cycles) of sodium-ion capacitor assembled using the one-step

approach.
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Figure S9. Raman spectra of a) activated carbon b) graphite, before and after
electrochemical work (10 cycles) of potassium-ion capacitor assembled using one-step

approach.

X-ray diffraction (XRD)

The analysis was performed in closed cuvettes with Kapton foil to prevent further
oxidisation of the sample. Kapton foil and carbon give strong signals in the range between
12 and 25 degrees, which might also overshadow the signals from the yellow precipitate.
Nevertheless, despite the signals from PTFE, copper foil, or used calcite glue, the signals

from carbides were visible.
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Figure S10. X-ray diffractometer of a) positive and b) negative electrodes, of lithium-ion

capacitor assembled using one-step approach after electrochemical work. (1000 cycles)
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Figure S11. X-ray diffractometer of a) positive and b) negative electrodes, of sodium-ion

capacitor assembled using one-step approach after electrochemical work (20 cycles).
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Figure S12. X-ray diffractometer of a) positive and b) negative electrode, of potassium-ion

capacitor assembled using the one-step approach after electrochemical work.
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Figure S13. a) Sulfur and b) nitrogen XPS spectra of positive electrode of Li-ion
capacitor with LISCN after 1000 cycles.
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Figure S14. TEM images of positive electrode before electrochemical work with
magnification at a) 10 nm b) 50 nm; c) and d) HAADF-STEM images of positive
electrode before electrochemical work with magnification at 500 nm; e) Energy

dispersive spectrum of positive electrode before electrochemical work.
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Figure S15. TEM images of positive electrode after 1000 cycles with thiocyanate
additive with magnification at a) 10 nm b) 50 nm; c¢) and d) HAADF-STEM images of
the positive electrode after 1000 cycles with thiocyanate additive with magnification at
500 nm; e) Energy dispersive spectrum of the positive electrode after 1000 cycles with

thiocyanate additive.
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Figure S$16. a) and b) HAADF-STEM images of carbon soot at positive electrode after

1000 cycles with thiocyanate additive with magnification at 500 nm;

Gas chromatography with mass spectrometry (GCMS)

The GCMS operando technique was used for the determination of gases that evolve during
the operation of sodium-ion and potassium-ion capacitors (Figure S11a,b). In the case of a
potassium-ion capacitor, the resulting signals are comparable to those obtained for the
lithium-ion system because of the similar composition of the electrolyte. Also, there are
signals from the formation of the SEI layer, mainly ethylene, a strong signal from 44 (CO2
or CS) and of course a signal from the main reaction - 76. In the case of a sodium-ion cell,
the SEI formation mechanism is different, therefore, signals from ethylene were not
observed. Of course, there are also signals from masses 44 and 76 that suggest that the initial
SCN reaction mechanism in each hybrid capacitor is the same. Due to the other electrolyte
used in the sodium system, the decomposition of organic solvents occurs at higher voltages
(Figure S12). A rapid increase in SO, SOz, chlorinated hydrocarbons and also other organic
sulphur compounds (e.g., CHsSCN) was observed. The presented data respects before using

the capacitor with such electrolyte at a voltage above 4V.

12
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Figure S17. Operando GCMS of a) sodium-ion capacitor and b) potassium-ion capacitor

assembled using one-step approach — main masses.
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Figure S18. Operando GCMS of sodium-ion capacitor assembled using one-step approach —

characteristic masses for the sodium-ion capacitor.
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Figure S20. Galvanostatic charging and discharging of investigated negative electrodes in
half-cells a) graphite in 1 mol L' LiPFs EC:DMC (1:1), b) hardcarbon in 1 mol L NaClO4
EC:PC (1:1), ¢) graphite in 1 mol L' KPFs EC:DMC (1:1).
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Abstract

In this work, we propose a novel kind of electrolyte for Li-ion capacitors (LICs) that allows

full intercalation of Li* ions from the electrolytic solution into the negative (graphite)
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electrode. Thus, no auxiliary electrode, no external prelithiation or no additives that might
impact the power and mass-related metrics are necessary. In our approach, the redox-active
lithium salt dissolved in 1 mol L lithium hexafluorophosphate in ethylene carbonate and
dimethyl carbonate (LiPFs in EC:DMC) electrolyte serves as a charge-balancer and Li*
source for prelithiation. As the redox-active anion is coupled with Li-, its concentration in
the electrolyte remains unchanged. Electrochemical tests, including cyclic voltammetry,
galvanostatic charge/discharge, electrochemical impedance spectroscopy, self-discharge
and constant power discharge tests, were carried out to describe and characterize this new
concept. Furthermore, optimal LIC operating conditions, i.e., voltage (2.2-4.2 V) and
current density (0.2 A g'), were determined. Within this voltage regime, the cell could
operate at high power values (1000 W kg'), ensuring an astonishingly high specific energy
of ca. 100 Wh kg'. The system was compared with commercial products available on the
market. The capacitor cycle life and effect of inorganic salt addition on the conductivity
were investigated. Furthermore, detailed analysis was conducted using operando mass
spectrometry coupled with gas chromatography (GC-MS), scanning electron microscopy
and energy-dispersive spectroscopy (SEM/EDS), X-ray photoelectron spectroscopy (XPS),

Raman spectroscopy and infrared spectroscopy.

Introduction

Advancements in the field of electric energy generation are driving the modern world
towards finding perfect energy storage systems. Currently, two energy storage technologies
appear to be the most popular: electric double-layer capacitors (EDLCs) and Li-ion batteries
(LIBs) [1-3]. EDLCs store energy using nonfaradaic processes, which means storage by
accumulating electrostatic charge at the electrode/electrolyte interface [4-7]. The drawback
of EDLCs is that they cannot provide high energy density, which significantly limits their
application [8-10]. In the case of LIBs, energy storage is related to faradaic processes, based
on Li insertion [11]. Due to their charge storage mechanism, LIBs demonstrate high energy
densities, but they suffer from a shorter lifespan and power values lower than EDLCs [12,
13]. Given that, combining both energy storage mechanisms in one compact device, the so-
called Li-ion capacitor (LIC), seems to be a reasonable solution [14-16].

The hybrid energy storage system exploits the intercalation and deintercalation of lithium
ions into/from the negative electrode, which is usually made of graphite; for the positive
electrode, charge is usually stored electrostatically, on the surface of the porous material,
e.g., activated carbon [17, 18]. The hybridization of energy storage mechanisms allows

reaching higher energy densities than in EDLCs while maintaining high specific power and
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the long cycle life [19]. Thus, why are these devices not used on a larger scale? The reason

is the necessity for prelithiation of the negative electrode.

LICs were first constructed using metal oxides as the negative electrode, such as LisTisOn
or WO: [20-22]. However, this kind of material could operate within the 1.2 Vt0o 3.2 V
voltage range, which results in slightly higher energy values than EDLCs [20]. Another
approach is to use an auxiliary metallic lithium electrode to prelithiate the graphite
electrode [23, 24]. The use of metallic lithium as a source of lithium ions is feasible at the
lab-scale level; however, the additional electrode complicates cell construction and
increases the cost and weight of the device (additional current collectors, separators and
electrolyte), thus, its implementation in industrial process is too complicated and very
costly. Another strategy uses two-step assembly, where in the first step, the negative
electrode is prelithiated vs. a metallic lithium disk, and then, in the second step, the metallic
lithium disk is removed from the cell and replaced by the activated carbon electrode.
However, this is again very costly and complex method, as all manipulations are performed
under an inert gas atmosphere. Moreover, the use of metallic lithium can lead to the
formation of dendrites and thermal runway, which might cause severe safety issues and

makes the process industrially difficult [24, 25].

A different approach for prelithiation is to use lithium ions coming from a composite
positive electrode [26, 27]. This method involves the mixture of lithium metal oxide with
activated carbon, which constitutes a composite material. During the first charge of the
cell, lithium ions are released into the electrolyte, enabling prelithiation of the graphite
electrode. Despite the full intercalation process, the metal oxide remains in the system,
which may constitute a dead mass deteriorating the cell performance [27]. The first
composite materials consisted of Liz2MoQs [26], Li2RuOs [27] or LisFeOs [28] mixed with
activated carbon. However, all of these positive electrodes require 4.7 V vs. Li/Li* to
intercalate the graphite, which is above the safe working potential for the electrolyte (ca.
45 V vs. Li/Li* for 1 mol L' LiPFs ethylene carbonate (EC):dimethyl carbonate (DMC)).
Additionally, approximately 30% of lithium ions may be reinserted into the cathode
material and thus cause perturbations in the operation of the LIC. A solution to these
problems was found by using lithium cobalt oxide (LisCoOs4) [29]. Having a high irreversible
capacity (600 mAh g'), the procedure with LisCoOs is completed at a lower potential (4.3
V vs. Li/Li*) than that with the other oxides. As a result of the lack of side reactions during
the prelithiation process, the LIC cycle life is increased. However, the dead mass problem

remains and needs to be solved.
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The next method uses so-called sacrificial salts [27, 29-32], which are part of the positive
composite electrode. The role of the sacrificial material is to provide the lithium ions
necessary during prelithiation of the negative electrode. Unfortunately, most of these salts
after electrochemical oxidation form a dead mass (a part of the electrode that does not
contribute to charge storage), which can hinder the electrochemical performance of the
cell [27, 29, 30]. However, several sacrificial materials that do not contribute to the dead

mass, or their amount is negligible, have been reported in the literature [19].

The last method of prelithiation was presented by Beguin e al [33], where lithium ions
from the electrolyte (2 mol L' LiTFSI in EC:DMC) were used. Lithium ions were, to a
certain degree (namely, intercalation stage), introduced into the graphite structure through
pulses of a C/10 current to barely reach a third stage of intercalation. One of the main
problems that appeared during this method was the consumption of lithium ions from the
electrolyte, which reduced the electrolytic conductivity of the solution, and thus, both the
power and energy of the system decreased [33, 34].

Nevertheless, the use of electrolytes as a source of lithium ions necessary for prelithiation
of negative electrodes is a fascinating idea. To overcome the issues related to the
conductivity decrease and partial intercalation in the negative electrode, a new and
improved concept should be proposed. One of the possible solutions is the use of active
electrochemical species that can be dissolved in the electrolyte. Indeed, the concept of
redox-active electrolytes used to increase the energy of electrochemical capacitors has been
studied by researchers [35, 36]. The use of iodides or bromides in water has proven to be a
cost-effective and environmentally sustainable method of developing a new generation of
high-performance capacitors [37-39]. Furthermore, the synthesis of electroactive ionic
liquids (ILs) (e.g., [EMIm][SeCN] [40] or [BMPyrr][SCN] [41]) is a synergetic technique for
increasing the energy by increasing both the voltage and capacitance [42]. Nonetheless,
concentrating on a wide panel of redox-active electrolytes to discover conditions for
converting electrochemical cells into hybrid capacitors with the best results is worthwhile
[43].

Nevertheless, it has to be said that in our approach, redox-active electrolytes have been
used for entirely different purpose. This article proposes the use of a novel solution for
prelithiation of LICs using a redox-active lithium thiocyanate salt dissolved in 1 mol L
LiPFs in EC:DMC as the electrolyte. Lithium ions derived from the redox-active
thiocyanate salt can mitigate the concentration fluctuation during graphite prelithiation.
Furthermore, thiocyanate-based salts are used, which are recognized as inexpensive and

highly conductive electrolytic solutions displaying attractive redox activity and enhancing
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the energy of the device [44]. The presented approach is innovative and could compete

with known prelithiation techniques in the future.
Methods

Electrolyte

Lithium thiocyanate hydrate was purchased from Sigma Aldrich. Before use, the salt was
dried at 120°C for one week to remove water contamination. LiPFs EC:DMC (1 mol-L,
V:V, 1:1) was purchased from BASF. The electrolyte preparation consisted of mixing the
two components in a volumetric flask. A specific amount of solid lithium thiocyanate was
added to the flask, which was then filled with liquid 1 mol L LiPFs EC:DMC to make a
0.25 mol L' solution. The molar concentration of the LiSCN additive is dictated by the mass
and capacity of the negative electrode, in our case graphite (with a theoretical capacity of
372 mAh g'). According to calculations, to obtain full intercalation, the LiSCN mass in the
electrolyte should constitute 0.9 of the active mass of the graphite electrode. Five hundred
microlitres of received electrolyte was added to soak the separators during electrochemical
cell preparation. All reagents were stored in an MBraun glovebox to ensure inert
environmental conditions. The conductivity of 1 mol L' LiPFs EC:DMC was 10.83 mS cm-
!, and that of 0.25 mol L' LiSCN in 1 mol L' LiPFs EC:DMC was 9.18 mS cm . Both values
were measured at 25°C using a 2-electrode Swagelok system with a spacer and the

impedance spectroscopy method.

Electrode material

The negative electrode of the hybrid LIC was made of copper foil (thickness = 10 pm)
covered with a mixture of graphite, polyvinylidene fluoride (PVdF) and carbon black (total
thickness = 57 pm) provided by MTI Corporation. The positive electrode was made of
Kuraray YP8OF (80%), polytetrafluoroethylene (PTFE) (5%) (60% suspension in water,
Sigma—Aldrich®) and carbon black C65 (15%) (total thickness = 182 pm). The active mass
ratio of the electrodes was approximately 1:1. The two electrodes were separated by two
Whatman® GF/D separators. The reference electrode was made of metallic lithium.
Additionally, during the preparation of half-cells with activated carbon or graphite, the
counter and reference electrodes constituted metallic lithium discs (d =16 mm). Round
discs (d = 18 mm) of glass fibre filters (GF/D, Whatman®) were used as separators. The
microtextural characteristics of the material were determined by using the Brunauer—
Emmett-Teller (BET) isotherm method (77 K) with N2as an adsorbate (ASAP 2460,
Micromeritics, USA). The surface area of the positive electrode equalled 1558 m? g [45].
Before the adsorption/desorption steps, samples were flushed at 350°C for 12 h under
continuous helium flow and further degassed at 25°C for 5 h (vacuum). Round-shaped

electrodes (d = 16 mm, A = 2 cm?) were cut from both electrode materials using an EL-Cut
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provided by EL-CELL®. All cells were prepared using a glovebox (MBraun), which ensured
negligible amounts of water and oxygen (<0.1 ppm).

Spectroscopic methods

The electrolyte infrared spectrum was taken with a spectrometer (Nicolet™ iS5 FT-IR) in
the 500-4000 cm wavelength range. Examination of the electrodes after ageing was
performed with a Raman DXR microscope (Thermo Fisher Scientific). The laser power
(DXR 532 nm) was 4 mW, and the exposure time was 3x20 s. Spectra were taken for both
the positive and negative electrodes from three different places. Gas chromatography with
mass spectrometry (GC-MS) analysis was conducted using an EVOQ GC-TQ™ MS, Bruker.
Apparatuses were connected with a PAT-Cell-Gas made by EL-CELL®. The temperature of
the injector was 175°C, the column temperature was 150°C, and the mass spectrometer
temperature was 220°C. The morphology of the solids was determined with a Hitachi S-
3400N scanning electron microscope coupled with a DS Thermo Scientific adapter for
energy-dispersive spectroscopy (EDS). X-ray photoelectron spectroscopy (XPS) analyses
were carried out with a PHI VersaProbell Scanning XPS system using monochromatic Al
Ko (1486.6 eV) X-rays focused to a 100 pm spot and scanned over an area of 400 um x 400

pm.

Electrochemical investigation

Electrochemical measurements were made with ECC-Ref systems made by EL-CELL®. LICs
were assembled using a graphite electrode (on copper foil) and activated carbon electrodes,
between which soaked separators were placed. The reference metallic lithium pin was
introduced into the ECC-Ref by using ECC-RefLoad. Electrochemical measurements were
carried out on a multichannel galvanostat/potentiostat (VMP-3 BioLogic®), and the

temperature control was provided by a thermostatic chamber.
Results and discussion

The charge consumed by the SCN" redox reaction during the intercalation of lithium ions
into the graphite structure was hypothesized to inhibit the increase in the positive
electrode potential, which would enable a further decrease in the negative electrode
potential and thus enable intercalation of lithium ions into the graphite structure. The
confirmation of this hypothesis could constitute an important claim, as there would be no
need to use auxiliary metallic lithium electrodes [46] or sacrificial materials in the positive
electrode [47]. The electrochemical performance of LiSCN at high operating voltages has
not yet been studied in sufficient detail. Therefore, an electrochemical capacitor with the
addition of LiSCN salts was first made. The system was first charged to 4.5 V vs. Li/Li* to
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identify possible redox peaks (scan rate of 0.06 mV s). In the voltammogram (Figure 1),

two peaks originating from the redox reactions of the LiSCN salt are observed.
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Figure 1 Cyclic voltammogram of activated carbon vs. metallic lithium system with 0.25
mol L' LiSCN in 1 mol L' LiPFs EC:DMC (1:1).

The literature does not specify exactly what these reactions might be, so, an attempt was
made to identify the reaction products. The resulting voltammograms show the first redox
reaction at approximately 3.5 V and the second at ca. 4.1 V vs. Li/Li*. The redox activity of
SCN' ions induces oxidation reactions mainly at the positive electrode, while the negative
electrode continues to operate within its range. There is a significant decrease in the redox
peaks with the subsequent charge and discharge cycles. The character of the redox
reactions is partially irreversible, as the anodic and cathodic current values decrease with
every cycle. After 6 cycles, the SCN ions are no longer electrochemically active in the
presented range of potentials, and the activated carbon electrode starts to behave as an
EDLC material. Another test was performed to determine how many cycles are required to
almost consume the redox-active reagent. A system with activated carbon and metallic
lithium was constructed to perform cyclic voltammetry with a scan rate equal to 1 mV s
(Figure 1 ST). Almost 35 cycles of charging and discharging were required to fully react the
SCN- ions.

In the next stage, a graphite-metallic lithium half-cell was constructed with the classic
electrolyte used in LIBs. This measurement enables us to compare possible differences in

the intercalation curve of the negative electrode. The system was electrochemically tested
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using the C/20 current (the current value that enables full intercalation in the graphite
electrode in 20 hours) for electrolytes without the addition of LiSCN salt (Figure 2a) and
with the addition of LiSCN salt (Figure 2b) to compare the intercalation processes.
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Figure 2. Graphite intercalation at C/20 (C corresponds to the theoretical capacity of
graphite, 372 mAh g') where the electrolyte in the cell a) included SCN" ions and b) did
not include SCN" ions.

In the comparison, no significant differences are observed in the capacities between the
systems with and without SCN" ions, which suggests no damage to the system during
intercalation of SCN" ions. The similar reversible charges (346 mAh g' and 341 mAh g)
indicate that the same amounts of lithium ions are intercalated in both systems. Notably,
the irreversible capacity is slightly higher for the cell with SCN- (45 mAh g compared to
35 mAh g'), which could be the result of more charge being used for the creation of the
solid electrolyte interphase (SEI). The SEI layer likely includes additional decomposition
compounds from SCN". This process also depends on changes in the electrolyte properties
(slight decline in the conductivity), which are caused by adding LiSCN salt to the
electrolyte. However, the addition of LiSCN salt does not significantly affect the
intercalation process or the reversibility of the system.

After positive results for tests related to prelithiation of the graphite electrode (Figure 2b)
and the assumed hypothesis of a slowing of the increase in the potential of the positive
electrode (Figure 1), the hybrid system - LIC - was assembled. The constructed system
consisted of graphite as the negative electrode, activated carbon as the positive electrode,
and metallic lithium as the reference electrode. Between the electrodes, two separators
were placed, which were soaked with 0.25 mol L' LiSCN in 1 mol L! LiPFs EC:DMC. Figure
3 shows the results of the intercalation.
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Figure 3. Prelithiation of LICs with and without 0.25 mol L' LiSCN salt addition.

The process of full system intercalation was completed. At the negative electrode, all the
steps responsible for intercalation of the appropriate amount of lithium ions into the
graphite structure were noticed. Additionally, the positive electrode showed two plateaus,
one longer at a potential ca. 3.4 V and the other at approximately 4 V vs. Li/Li*. Due to the
presence of two redox reactions, which "held" the positive electrode against the potential
increase, the negative electrode could intercalate lithium ions. The obtained prelithiation
results (Figure 3) confirm the previously formed hypothesis regarding the inhibition of the
increase in the potential of the positive electrode and the possible intercalation in the
graphite electrode of lithium ions coming from the electrolyte. Notably, the lithium ions
from the electrolyte were intercalated with the LiSCN additive, which was specifically
calculated to leave as little dead mass in the electrolyte as possible and, more importantly,
not change the conductivity of the electrolyte. Figure 3 also shows a comparison with the
system consisting of the classic electrolyte without the addition of LiSCN, where we cannot
observe intercalation. The maximum potential was determined to be 4.5 V, above which

irreversible electrolyte decomposition processes might occur.

The C/20 current was chosen for the prelithiation process to create a thick and tight SEI
layer [16], [48]. The system operating voltage range was set from 2.2 to 4.2 V vs. Li/Li*. The
minimum potential was high enough to prevent metallic lithium plating. The maximum
potential ensured no decomposition reactions of the electrolyte. Then, the appropriate

value of the charge and discharge current was determined. Due to the need to use the
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highest possible currents to increase the power of the system in a given voltage range, a
current density of 0.2 A g'! was chosen (Figure 2 SI). At this current density, the negative
electrode works slightly above 0 V vs. Li/Li*, which is a critical value below which lithium

plating can occur. All subsequent tests were performed with this current value.

In the following phase, three-electrode tests were performed to observe the potential
profiles of individual electrodes. The electrode charts are shown in Figure 4a. Notably,
during the first cycle operation, residues of redox reactions can be observed. The negligible
Ohmic drop, both before and after cycling, proves that the resistance is insignificant and
that the capacitance decrease is not connected with the system construction. The working
range of the negative electrode is 0.2 V to 0.5 V, and that of the positive electrode is 2.5 to
4.25 V vs. Li/Li*. The work of the electrodes before and after the electrochemical operation
is presented. After more than a thousand cycles of galvanostatic charging and discharging,
a decrease in the system capacity compared to the initial capacity is noticed, which is
assumed to not be related to the electrochemical operation. The working electrode shows
a low resistance and works within the given range, while the negative electrode approaches
the potential for producing metallic lithium on the electrode surface (plating). However,
the deterioration of the system is not shown by plating. Later in the article, our attempt to
find possible reaction products is described. An impedance spectroscopy study (Figure 4b)
was also performed before and after the electrochemical operation of the system. The
equivalent distributed resistance (EDR) is better after cycling because the graphite is better
intercalated; however, the curve shape suggests problems with the diffusive layer resistance

related to the electrochemical operation.
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Figure 4. a) Potential distribution during cell operation with SCN- ions before and after

cycling. b) Nyquist plot.

A hybrid LIC with LiSCN addition was compared to a commercial LIC in terms of cycle life
(Figure 5a) and the power-energy dependence on capacitance
(Figure 5b). During cycle life comparison, the commercial system was charged and
discharged following the manufacturer's recommendations of 2.2 V - 3.8 V, while our
capacitor was operated in the range of 2.2 V - 4.2 V. Notably, the first 500 cycles are very

similar, but then breakdown occurs, which causes our system capacitance to decrease.

11
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There is a noticeable second plateau after the decline, which may indicate a similar course
as for Li-S batteries. This would mean that during electrochemical operation, sulphur
compounds or elemental sulphur are formed, which may clog the pores and deteriorate the
system capacitance.

When comparing two different energy storage systems, the most common representation
is the Ragone diagram. In this case, however, comparing power and energy in terms of mass
could be unfair, as commercial systems are made of the lightest possible materials, reducing
the weight of the system to a minimum. In contrast, our measuring system (ECC-REF) is
made from a large piece of stainless steel, so it is much heavier than a commercial
aluminium casing. Therefore, we decided to show the dependence in terms of the system
capacitance. The obtained LIC with SCN- ions can store approximately 1.5 F, while the
commercial LIC can store 20 F. The relationship is shown in Figure 5b. For lower power
values, the LIC with SCN- ions shows higher energy values. However, a significant drop
can be seen with a power of 0.03 W F. This is probably due to the acceleration of
unfavourable processes in the electrochemical system, which will be clarified in more detail

later in the article.

The next step was to compare the self-discharge of the obtained system with that of
commercial energy storage devices. For this purpose, the compared systems were charged
to the operating voltage limit (4.2 V for the LIC with SCN-, 3.8 V for the commercial LIC
and 2.7 V for the commercial EDLC), held for 2 hours, and then left for 12 hours for self-
discharge while recording the voltage drop of the system. The largest decrease was expected
for the commercial EDLC due to the way energy is stored only through nonfaradaic
electrostatic attraction [49]. LICs should exhibit a smaller self-discharge drop than EDLCs
because in addition to storing energy in a nonfaradaic manner, there are faradaic reactions
that last longer [50]. Additionally, the system we presented was charged to a higher voltage,
which could affect the self-discharge rate and increase the system specific energy [51]. In
the presented comparison, the commercial system presents a negligible voltage drop (0.02
V). However, as mentioned before, the commercial system is composed of thin and
contiguous components. Our work aimed to show the principle of operation, not present a
commercial system. Nevertheless, the lower voltage drop compared to EDLCs is optimistic
and suggests that when assembling a commercial system with the proposed electrolyte, the
self-discharge value would be comparable to that of other commercial LICs.

12
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Figure 5. Comparison of the LIC with 0.25 mol L' LiSCN in 1 mol L'! LiPFs EC:DMC as the
electrolyte and a commercial LIC in terms of the a) cyclability, b) Ragone plot modified to
farads and c) self-discharge rate along with those of a commercial supercapacitor.

After electrochemical tests, an attempt was made to identify compounds formed during
electrochemical cycling. After cyclic operation, a yellow precipitate was deposited on the
positive electrode, which may cause clogging of the pores, change the electrolyte viscosity
or constitute dead mass in the system. The cause of the deterioration of the operating
system was explored. For this purpose, several instrumental analysis studies were

performed, and infrared spectroscopy was employed first.

To identify signals derived from LiSCN salt, the system without SCN ions, i.e., the classic
1 mol L7 LiPFs in EC:DMC (1:1), was first investigated. Then, three additional
concentrations of LiSCN salt were sequentially studied: 0.085, 0.125 and 0.25 mol L.
Figure 6a shows the obtained spectra for the electrolytes. The addition of LiSCN manifests
as signals with a wavelength from 1500-1700 cm'. However, the most characteristic signal
is observed at 2072 cm’!. This signal is mainly attributed to SCN- ions. A proportional
relationship between the increase in this signal and the increase in the concentration of
thiocyanate in the electrolyte is observed. The obtained spectra fully confirm the chemical

composition of the electrolytes.

Then, whether SCN- ions are present in the electrolyte solution after electrochemical
operation was investigated. Additionally, new signals indicating the presence of functional

groups of compounds resulting from the decay of the electrolyte were searched for. For this
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purpose, the system after 1000 galvanostatic charge and discharge cycles was disassembled
in an inert atmosphere, and the electrolyte was squeezed out of the separator and then
subjected to infrared spectroscopy. The obtained spectrum was compared with the
spectrum of the same electrolyte before electrochemical operation, as presented in Figure
6b. The electrolyte after cyclic operation did not show any signals from SCN- ions; in
particular, attention was given to the signal at 2072 cm'!. Moreover, no additional signals
were observed in the spectrum. Therefore, SCN- ions were assumed to undergo a chemical
transformation during electrochemical cycling, and the resulting compound precipitated

on one of the electrodes or evaporated.

Raman spectroscopy is a complementary technique to infrared spectroscopy, and it allows
us to observe changes in the structure of activated carbon during electrochemical testing
of the LIC. The spectrum acquired during Raman spectroscopy (Figure 3 SI) shows no
additional signals from impurities. The fully developed D-band and G-band signals in
comparison with the electrode before electrochemical operation show no change in the
structure of the electrode after operation. Thus, the substances contained in the electrolyte

and its decay products do not cause structural distortion of the morphology of the positive

electrode.
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Figure 6. Infrared spectra of electrolytes a) with different LiSCN concentrations and b)
before and after electrochemical cycling of the LIC with SCN" ions.

Scanning electron microscopy (SEM) was then performed. The photos were taken at several
locations for the positive electrode to observe its structure and possible changes on the
surface (Figure 4a and b SI). An unknown chemical compound is deposited on the surface.
For a more detailed analysis of the unexplained substance, an EDS study was performed
(Figure 4c and d SI). From the conducted research, the compound released during
electrochemical operation is concluded to mainly consist of sulphur or simply be elemental

sulphur. The results obtained may suggest a reduction of SCN to CS2 or elemental sulphur.

An XPS study was carried out to analyse the obtained samples in more detail. The spectra
of the positive and negative electrodes and separator were obtained after electrochemical
operation. All obtained XPS spectra confirm the composition of the electrolyte and
electrode materials. The positive electrode was then examined in detail for nitrogen and
sulphur. Detailed nitrogen analysis shows the presence of -C=N-, NH2 or SCN" groups.
Detailed sulphur analysis shows the presence of (SCN)x or thiol-SC- groups. From the
infrared spectra, we can reject the presence of SCN- or (SCN)x. The presence of thiol groups
confirms the presence of CS: on the positive electrode. Unfortunately, elemental sulphur is
not observed. Since the tests were performed in ultravacuum, the sulphur most likely

evaporated, and only unnoticeable traces remained.
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Figure 7. Mass spectra of important masses during a) prelithiation of the LICs with LiSCN
salt and without LiSCN salt (lighter curve shade); b) cyclic voltammetry curves of EDLC
with and without LiSCN salt (violet lines).

In the final stage of this work, GC-MS operando measurements were performed. In
particular, the intercalation process with and without SCN-ions, both in a two-electrode
and a three-electrode system, was investigated. Figure 7a shows the result of the
intercalation study. Clear peaks from masses 24, 25, 26 and 27 are observed. The masses
obtained are characteristic of gases evolving during the formation of the SEI layer, mainly
C:H: and C2Hs4 [52-54]. During the analysis of the results, there was concern about the
possibility of decomposition of SCN ions into CN" compounds that are extremely harmful
to health [43, 55]. Thus, a half-cell consisting of a graphite electrode and a lithium metal

electrode, which were the counter and reference electrodes, was tested (Figure 7a). In this
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system, a similar intensity ratio of masses 24, 25, 26 and 27 was obtained as for the system
with LiSCN salt. This observation led to the conclusion that CN- ions most likely do not
form during the formation of the SEI layer, and the signals obtained come mostly from
acetylene and ethylene. The SEI layer has a different composition than that in the classic
electrolyte due to the presence of masses such as 48, 58, or 60. The masses mentioned
correspond to sulphur compounds derived from the SCN" group, which arise from reactions
at the negative electrode. A particularly important signal of mass 76 is observed after SEI
formation, which is assumed to be a signal from carbon disulphide. Its formation occurs
when the positive electrode reaches the potential of 3.4 V vs. Li/Li*, i.e., the potential of
the redox reaction. The products of this redox reaction can therefore be concluded to only
be CS: because its production ends with the end of the redox reaction. During the further
course of prelithiation, no evolution of other gases is observed. Notably, during the
formation of the SEI layer, there are also small signals at 34 (HS), 44 (COz2), 28 (CO, N2)
and 16 (CHa).

For a more detailed analysis of the electrolyte, the systems in the classic electrolyte with
and without thiosulfate ions were compared. For this purpose, two EDLCs consisting of
activated carbon as the electrode material were constructed. The systems were tested
during cyclic voltammetry at a scan rate of 1 mV s!. The presence of clear peaks originating
from the electrolyte or products of electrochemical operation, such as CO2, which are
common to both systems, is noticed. However, only the most important masses that
constitute the difference between the compared systems are presented in Figure 7b. By
carefully analysing the obtained result, we can see at which point the given gases are
released (during charging or discharging). We observe an increase in masses 46, 48, 60, and
76 during discharging and masses 64, 73, and 96 during charging. Masses 64 and 96 may
come either from the precipitated elemental sulphur or from the gaseous products of the
oxidation of SO2 and SOs. The following question should be asked: what is the source of so
much oxygen in the system that the abovementioned gases can be produced in such
amounts? The oxygen most likely comes from the breakdown of EC or DMC electrolytes.
A small amount may also come from the helium cylinder used to flush the system.
Compared to the LIC without thiosulfate ions, SCN- ions in the form of CH3sSCN are present
in the system with thiosulfate ions due to the lower operating voltage. However, notably,
even at lower voltages, SCN- ions decompose to form carbon sulphide. As seen in the

subsequent cycles, carbon sulphide can also decompose into elemental sulphur.
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Figure 8. Proposed mechanism of the lithium thiocyanate reaction with EC during

prelithiation, based on [56].

Proposed SCN- reaction pathway

C2H402CO0 + Li* SCN- — C2H4S + CO2 + Lit

(1) OCN- (56]
@) C2H:S — HCS* + CHy [57]
3) 2HCS* — 2CS + 2H* [58]
(4) 2CS + Ca (solid) — CS2 + Cae1 (solid) [59]

Indicating the proper mechanism of ion activity in the working cell system with SCN" is
challenging. However, based on the use of gas chromatography with mass spectrometry
and an exhaustive literature review, we propose a reaction pathway. According to Figure
7a, SEI formation delivers a significant amount of masses 58 and 60, which are assumed to
correspond to thiirene and thiirane (or carbonyl sulphide). Their formation is caused by
the presence of an organic solvent, which is shown by the reduced SEI formation signal
masses (24, 25, 26 or 27; Figure 7a). Therefore, the initial reaction is related to SCN- ions
along with one of the solvents — EC (Figure 8, reaction 1). During the interaction of the
mentioned molecules, thiirane, carbon dioxide and lithium cyanate are the products.
However, the GC-MS analysis results (Figure 7a) show a lack of CO2 molecules in the initial
stage of LiC operation, even during the SEI formation process. The abovementioned
observation may lead to the conclusion that carbon dioxide is not produced. At one stage
of the mechanism, the oxygen and carbon molecules react with another electrolyte decay
product (e.g., CHs* from DMC), resulting in a solid or a compound with a mass masked by
a stronger signal in GC-MS. Another byproduct is LIOCN. The produced lithium cyanate
could take the lithium ion from the electrolyte, which may cause a decrease in the
conductivity and thus deterioration of the system. In the later stage of the LIC operation,
thiirane or thirene decomposes into HCS* and CHs (reaction 2). Thioformyl, as a highly

unstable molecule, further reacts with carbon sulphide (CS). However, carbon sulphide is
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also an unstable compound; it polymerizes in the presence of solid carbon (activated carbon
electrode) to form carbon disulphide (CS2). These three reactions combined may be
responsible for the redox activity of the electrolyte. Confirmation of the abovementioned
hypothesis might be provided by comparing signals from masses 44 (HCS*, CS) and 76 (CSz)
during prelithiation (Figure 9). When redox activity occurs on the positive electrode, the
signal from mass 44 starts to increase. HCS* or CS formation appears, causing an increase in
the mass 76 signal attributable to CSz, which may be confirmed by the slight delay in the

mass 76 signal response.
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Figure 9. Mass spectra of important masses related to redox activity during prelithiation of
the LIC with LiSCN salt.

Nevertheless, the presented reactions are only the beginning of LIC operation. During
further charging and discharging, many processes could occur, causing deterioration of the
system. Carbon sulphide and carbon disulphide are moderately reactive molecules. They
can react with oxygen, hydrogen, water, decomposition products of electrolytes and even
each other, producing various compounds. Some of those reactions we classified as possible
and are further listed in the text. Most of them lead to the production of elemental sulphur,
which, as we assumed before, may deteriorate the system operation by clogging the pores.
There are also other thiocyanate reactions that can occur in the obtained system. SCN- can
polymerize and thus produce carbon sulphide, elemental sulphur and carbon nitride
(reactions 5, 6). Thiocyanate anions could also react with the low water contamination
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(reaction 7). However, no noticeable signal from ammonia or its derivatives is observed.
Extremely poisonous hydrogen cyanide could also be produced (reaction 8). However, the
obtained signal ratio for masses 26 and 27 was compared with that of the intercalated

system without SCN, and they were the same, indicating no HCN production.

Other possible SCN- reactions

(5) 2SCN" — (SCN)2 [44]
(6) 2(SCN)2 — CS + 3S + CsNs [60]
7) SCN- + H20 — COS + NHs + OH- 161]
(8) SCN- + 2e + 3H* — H:S + HCN 162]
Possible CS2 reactions
9) CS2+0 - CO+S20rCOS +8S [63]
(10) CS2 + 02 — CS +S02 [63]
(11) CS2 + H20 — COS + H2S [64]
(12) CS2 +S — CS +S2 [63]
(13) CS2 + SO — COS +S2 [65]

Possible CS reactions

(14) CS + H2S — CS2 + H2 [66]

(15) CS+0—CO+S [63]

(16) CS+02—CO2 +S [63]

(17) CS+02 — CO + SO [64]

(18) 2CS +2 02 — 2COS + 02 [64]
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Possible COS reactions

(19) COS + O — CO + SO or CO2 + S [67]
(20) COS + 02 — CO + SO2 or CO2 + SO [67]
(1) COS+S— CO +$2 [68]
(22) COS + H20 — CO2 + H2S [64]
(23) COS + H2 — CO + H2S [62]

Conclusions and future prospects

The presented work displays an attempt to perform a prelithiation process for LICs using
lithium ions from the electrolyte. For this purpose, a redox-active thiocyanate salt was
added to the electrolyte to inhibit the rapid increase in the potential of the positive
electrode. The experiment was successful - the graphite electrode was fully intercalated
with lithium ions from the electrolyte. The hybrid system works properly with a very high
capacitance and a low resistance. However, a problem is the decline in the accumulated
charge of the system over time, which shows that the presented solution needs to be
improved. A series of spectroscopic analyses were performed, such as IR spectroscopy,
Raman spectroscopy, XPS, SEM/EDS, and operando GC-MS, to explain the changes
occurring in the system. The evolution of a yellow precipitate was noted on the surface of
the positive electrode. SCN" ions were confirmed to undergo an electrochemical reaction
and form CS: ca. 3.4 V vs. Li/Li*. During cyclic operation, CS: oxidizes into elemental
sulphur, which is responsible for clogging of the pores of the positive electrode. Sulphur,
by blocking the access of the electrolyte and limiting the capacitance, affects the cycle life
of the system.

A future solution seems to be replacing LiSCN salt with other electroactive species that will
not cause dead mass problems but will enhance the system energy. However, completing
full intercalation of the system using lithium from the electrolyte is a large step forwards.
The presented approach is innovative and could compete with current prelithiation
techniques, but a few adjustments are still needed for full implementation in the
commercial market. This achievement marks the beginning of a new, promising method,

the application of which may provide serious competition for LIBs in the future.
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Context of the research and summary

Due to the successful pre-insertion process in metal-ion capacitors using
the one-step assembly technique with a redox electrolyte, it was decided to take
a closer look at the influence of thiocyanate salts on the intercalation process

itself. Several questions were raised, including:

e What technique should be used to study the influence of electroactive
compounds on intercalation?

e Does the concentration of electrolyte ions affect the intercalation process?

e What impact do electroactive compound have on the intercalation
process?

e How does the additional reaction influence the ion diffusion process?

e How does the resistance of the electric double-layer change during the
reaction of electroactive compounds?

e Does the addition of an electroactive compound improve the conductivity
of the electrolyte?

To comprehensively study the effect of redox additives on the electrolyte,
many electrochemical studies would need to be conducted, often disassembling
and reassembling the system, which could disrupt the obtained data. Therefore,
a search for a comprehensive solution began, which would allow obtaining plenty
of data from the system with a single electrochemical test. Recently, a new
technique called SPECS has emerged among electrochemical capacitors,
allowing the acquisition of many data points from a single electrochemical test
[262, 263]. Therefore, it was decided to investigate whether the SPECS technique
could be used for comprehensive studies of metal-ion capacitors with a redox

electrolyte.

However, before proceeding to study redox electrolytes, it was necessary
to check whether the SPECS technique, mainly used for measurements in
electrochemical capacitors, could be applied to battery systems with an
intercalated graphite electrode. Therefore, Article 2 presents SPECS studies
conducted in half-cells of graphite vs. metallic lithium with four different

concentrations of LiFSI salt electrolyte in an EC:DMC mixture. These studies aim
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to prove that the electrolyte concentration significantly affects the intercalation
process and to demonstrate that the SPECS technique allows for comprehensive

measurements of Faradaic systems.

Therefore, the study began by assembling half-cells of graphite vs. metallic
lithium with four different electrolyte concentrations: 0.1M, 1M, 5M, and 10M.
Next, three cycles of galvanostatic charging and discharging were performed to
obtain a stable SEI, which at this stage of the study could interfere with the
obtained SPECS results. Then, a SPECS measurements were conducted,
maintaining a potential step of 10 mV and a rest time of 5 minutes from a potential
of 1.5 V to 0.3 V vs. Li/Li*, and then the potential step was reduced to 1 mV and
the rest time increased to 10 minutes in the intercalation range, i.e., from 0.3 V to
10 mV vs. Li/Li*. After measurement, the polarity was reversed, maintaining the
same process conditions in the given ranges. The presented change in potential
step and rest time is necessary to stabilize the current curve, enabling the
SPECSFit program to calculate individual parameters. Thus, by performing
calculations for such a range of operation, the program based on equations can
determine resistance, currents, and capacity of the porous, geometric, and
diffusive components, the capacity of the residual component, time constant, and
diffusion parameter. It is worth noting that in this case, the residual current will
probably be the most significant, as this component describes all reactions
occurring in the system. By comparing the total capacity of each of the studied
systems, one can observe the exact moment when a particular intercalation stage
begins. A repeatable transitional state between stages 2 and 3 was even noticed

for each system.

Evidently, the best concentration for conducting intercalation is the 1M
solution due to high and narrow capacitive signals. For the 5M and 10M solutions,
saturation with Li* ions occurs, making diffusion difficult and delaying the
transition through the appropriate intercalation stages. Nevertheless, the system
with the 0.1M solution performs the worst, where the lack of lithium ions causes
a very broad capacitive signal, suggesting problems with lithium diffusion. Next,
the capacities for each component were compared, and as expected, the largest

percentage was for the residual capacity (about 65%). However, the remaining
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35 percent is mainly related to the EDL layer component, so it should also be

considered in these systems.

In the final step, it was decided to ensure that the results obtained by
SPECS are reliable. Therefore, it was decided to compare the characteristic
curve of the diffusion parameter with the diffusion coefficient determined in a
separate study using known GITT technique. Both the diffusion parameter and
the diffusion component curves were similar, suggesting that SPECS is a reliable
technique. The values of capacity and resistance obtained by the GITT technique
were also very close to the results obtained using the SPECS technique. Thus, it
was confirmed that the SPECS technique can be used to describe battery
systems. Additionally, it was confirmed that electrolyte concentration has a
significant impact on the intercalation process. Although intercalation could be
achieved at any concentration, considering the overall performance of the system

and the economic aspect, the 1M solution is the best option.

In Manuscript 2, the focus was on the addition of SCN to the electrolyte
and its investigation using the SPECS technique. The goal was to understand the
effect of the electrolyte additive on the performance of the positive electrode, the
negative electrode, and the entire pre-intercalation process of the full hybrid cell.
The study began with galvanostatic charging and discharging in half-cells. First,
two half-cells, activated carbon vs. metallic lithium, with and without the SCN- salt
additive, were examined. As previously shown, the SCN- salt increases capacity,
matching the theoretical capacity of graphite. Next, two half-cells, graphite vs.
metallic lithium, with and without the LISCN salt additive, were tested. No
significant differences were observed here, except for an increased irreversible
capacity in the system with SCN-, suggesting its influence on the formation of the
SEIl layer. Then, a full cell, graphite vs. activated carbon, was tested, and a pre-
intercalation attempt was made with and without the thiocyanate additive in the
electrolyte. Complete intercalation was observed in the system with the
electroactive compound additive, while without the additive, the individual
intercalation stages were not observed, and the potential of the positive electrode

was above the electrolyte decomposition potential.
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Before conducting the SPECS tests, electrochemical impedance
spectroscopy was performed, showing that both the graphite half-cell and the full
hybrid system with the thiocyanate anion had lower resistance values than the
systems without the electroactive compound. The Nyquist plot curve exhibited a
lower semicircle, indicating better charge transfer at the electrode/electrolyte
interface. This difference may arise due to SCN- ions causing the formation of a

less resistive SEI layer.

Next, the SPECS studies were initiated. It is worth mentioning that all tests
were conducted with a 1 mV potential step and a 10-minute rest time across the
entire voltage range. Initially, tests were conducted on half-cells of activated
carbon vs. metallic lithium with and without the SCN additive. A significant
capacitive signal was observed at around 3.4 V vs. Li/Li* for the system with SCN.
Additionally, the resistance associated with the EDL layer was significantly lower
for the SCN system, indicating that the reaction positively affects the positive
electrode. There was also better ion diffusion in the system with thiocyanates. It
should be noted that for the system without SCN, electrolyte decomposition
occurs at around 4.3 V vs. Li/Li*, negatively leading to additional capacity and an

increase in residual current.

In the next stage, graphite vs. metallic lithium half-cells with and without
lithium thiocyanate were examined. Both systems presented very similar values,
especially currents for the intercalation stages, which almost overlapped (with a
slight difference at the third intercalation stage). However, the SCN system,
similar to the galvanostatic charging and discharging tests, showed additional
capacity. It can be observed that the current curve at around 0.8 V vs. Li/Li*
slightly bends, suggesting the influence of the SCN anion on SEI layer formation.
But will such a relationship also be observed in a full system where actual
oxidation occurs at the positive electrode? To answer this question, SPECS tests
were conducted on two full-cells, graphite vs. activated carbon, with and without
lithium thiocyanate. The system without lithium thiocyanate was not intercalated
at all, and the obtained capacity mainly came from the electrolyte decomposition
reaction. In contrast, the current curve of the hybrid with SCN- anions clearly

showed each intercalation stage. Moreover, an increase in capacity was
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observed in the system due to the reaction between 1 V and 0.7 V vs. Li/Li*,
suggesting the influence of SCN on SEI layer formation. In this case, the capacity
associated with EDL formation was only 10% of the total, with the rest related to

system intercalation.

Next, a comparison was made between the graphite vs. metallic lithium half-
cell and the hybrid electrode. Both systems contained SCN- anions in the
electrolyte. No significant differences were observed in terms of intercalation
currents, EDL resistance, or time constants. However, the difference lay in the
SEI layer formation. The hybrid with SCN showed greater capacity, suggesting
that the reaction occurring at the positive electrode affects SEI layer formation
and thus the performance of the entire cell. Additionally, an increase in the
diffusion parameter was observed, suggesting that the SCN anion reaction at the
positive electrode releases lithium ions, aiding intercalation. Therefore, it was
concluded that redox electrolytes, by improving lithium ion diffusion, not only
enable graphite electrode intercalation but also enhance intercalation compared
to the traditional method with metallic lithium. Furthermore, it is important to study
redox electrolyte systems in full cells, as the reaction at one electrode can

influence the performance of the other electrode.

Finally, the obtained SPECS results were compared with those obtained
using the GITT technique to confirm the assumed conclusions. The GITT study
curves confirmed the validity of the SPECS results, as the diffusion curves
overlapped in the intercalation region.

The obtained results confirm the effectiveness of using SPECS in systems
with a battery negative electrode, as well as in full hybrid systems. It was
confirmed that the presence of the SCN anion not only affects the SEI layer
formation process but also improves the intercalation process by facilitating
lithium ion distribution and reducing system resistance. It is also important to
remember that the reaction at the positive electrode influences the performance
of the negative electrode, hence the importance of studying complete cells.
Despite the dominance of capacity related to the intercalation process,
approximately 10% is also related to EDL layer formation, which is often

overlooked by researchers.
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Step Potential Electrochemical Spectroscopy (SPECS) analysis of lithium intercalation into graphite was per-
formed. Four different solutions of lithium bis(fluorosulfonyl)imide (LiFSI) salt in EC:DMC solvent (1:1, v:v) with
various concentrations (0.1, 1, 5 and 10 mol L ') were selected as electrolytes. SPECS allowed for calculating the
capacity resulting from lithium intercalation between the graphite layers and the capacity that comes from the
adsorption of ions on the outer electrode surface, resistance, as well as the diffusion coefficient. Additionally, to

compare the results obtained, the galvanostatic intermittent titration technique (GITT) was performed under the
same conditions. However, it turned out that initially, similar diffusion parameters are not identical in their
meaning. Hence, SPECS can offer fresh insights into the lithium intercalation process in highly concentrated
electrolytic solutions, enhancing existing approaches.

1. Introduction

Energy storage systems are a necessary part of a smart grid, where
renewable energy sources like solar, wind, tidal, and geothermal con-
verters play a significant role [1-4]. Furthermore, the recent automotive
revolution shows how important it is to better understand energy stor-
age mechanisms and their limitations [5,6]. Nowadays, two energy
storage technologies — Li-ion batteries (LIBs) and electrochemical ca-
pacitors (ECs) — play a major role in the market [7]. On the one hand,
ECs demonstrate high power density with almost infinite cycle life; on
the other hand, batteries supply energy for a long time but demonstrate
limited power density and cyclability, mostly because of the sluggish
charge transfer kinetics [8,9].

Graphite has been the standard anode material for LIBs since the
1990s. It is recognized as the preferable anode material for LIBs based on
intercalation chemistry. This process makes the graphite material
benefit from low cost, electrochemical stability and electrochemical
conductivity [10,11]. The mechanism of lithium intercalation between
graphene layers of graphite was already presented years ago [12-14].
There are several models for describing the intercalation process; the
most popular shows that, during the first charge, the potential of the
graphite electrode drops sharply to the value of approx. 0.8 V, where

* Corresponding author.
E-mail address: krzysztof.fic@put.poznan.pl (K. Fic).
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partial decomposition of the electrolyte occurs and is followed by the
formation of the solid electrolyte interphase (SEI) layer [15]. The next
drop in potential shows the characteristic three plateaus (stages). Each
of them at different potentials corresponds to a different degree of filling
intergraphene spaces by lithium ions. The third stage is LiCyg, and the
second stage is LiCjo. When the 1% stage intercalation compound is
totally formed, all interlayer spaces are occupied by lithium, which gives
a composition of LiCs, corresponding to a theoretical capacity of 372
mAh g~! [16-18]. But still, the intercalation process is not fully
explored. To better understand the mechanism of energy storage and
electrochemical performance, it is mandatory to use various electro-
chemical characterisation methods [19-22]. These techniques provide
valuable information about capacity, resistance, efficiency, cyclability,
and power and energy output [23,24]. Galvanostatic Intermittent
Titration Technique (GITT) [25] and Potentiostatic Intermittent Titra-
tion Technique (PITT) [26], are widely used to investigate the lithium
intercalation/deintercalation processes and allow detailed parameters
such as exchange current densities or lithium ions diffusion coefficient
to be determined [27,28]. Furthermore, GITT appears as the most
widely applied and considered the most reliable method [28,29].

In our study, we take a closer look at the Step Potential Electro-
chemical Spectroscopy (SPECS) technique, first presented for
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electrochemical capacitors (ECs) by Donne et al. [30]. So far, this
technique was used for the evaluation of ECs with carbon and metal
oxide electrodes [31,32]. The presented study offers insight into the
application of the SPECS method for lithium intercalation with a com-
parison of currently used techniques. Furthermore, this work tends to
clarify the discussion of the impact of the salt concentration (here LiFSI)
on the intercalation process. Although lithium hexafluorophosphate
(LiPFg) is the most commonly used salt for LiBs electrolytes [33] it may
not be able to meet the requirements for future high-energy lithium
batteries. Therefore, new lithium salts are constantly being developed.
Compared to LiPFe, LiFSI-based electrolyte is characterised by more
thermal stability and especially water insensitivity which influences the
ageing performance of the cells [34,35]. A selection of diluted (0.1 mol
2 optimal (1 mol L™ 1), concentrated (5 mol L) and supersaturated
(10 mol L") concentrations was to see the differences between solutions
and to confirm the relationship between diffusion and salt
concentration.

The SPECS technique sheds some light on the graphite intercalation
and electrolyte requirements. Moreover, it gives the necessary infor-
mation for the construction of hybrid Li-ion capacitors, where the pre-
intercalation might be realized directly from the electrolyte [36].

2. Experimental
2.1. Electrolyte

Dimethyl carbonate (DMC; 99% anhydrous; <20 ppm; Sigma
Aldrich®) and ethylene carbonate (EC; 99% anhydrous; <60 ppm;
Sigma Aldrich®) were mixed in a volumetric ratio of 1:1 under an inert
atmosphere. Lithium bis(fluorosulfonyl)imide (LiFSI; 99.9%; Sol-
vionic®) was added to the solvent to prepare four different solutions:
0.1, 1, 5 and 10 mol L~! LiFSI in EC:DMC, with the conductivity as
follows: 2.9, 13.9, 3.2 and 1.3 mS cm . Conductivity measurements
were made at room temperature (21°C) in a 2-electrode Swagelok®
system with a spacer, using potentiostatic electrochemical impedance
spectroscopy (PEIS). To understand the solvation of the LiFSI the
molality of the solutions was also calculated respectively: 0.08 mol kg’1
(0.1 mol L™1), 0.90 mol kg ™! (1 mol L™1), 7.67 mol kg~* (5 mol L™1),
50.13 mol kg ! (10 mol L™1).

2.2. Electrochemical cell

All electrochemical measurements were made in ECC-REF cells (EL-
CELL®). The working electrode (WE) was a composite made of graphite
(flake shaped; bulk density 0.07 g cm~2; particle size 5 um at a density of
190 g em 3 specific surface area 17 m? g’l; SFG-6; Imerys®) (91%),
polyvinylidene fluoride (PVdF 6020; Solvay®) (8%) and carbon black
(Timical Super C65) (1%) covered on copper foil (thickness 10 pm;
MTI®). The electrode thickness was ~57 um. Round-shaped electrodes
(diameter 16 mm; surface area ~2 cm2) were cut using EL-Cut (EL-
CELL®). Counter (CE) and reference (RE) electrodes were made of
metallic lithium discs (diameter 16 mm). Both electrodes were separated
by two glass fiber GF/D separators (diameter 18 mm; thickness 0.67
mm; Whatman®). All cells were prepared in a glovebox (MBraun®) with
controlled atmosphere (water and oxygen content <0.1 ppm). The
prepared electrolyte solutions were injected into the systems with a
volume of 500 uL. Gas chromatography with mass spectrometry (GCMS)
analysis was conducted using EVOQ GC-TQ™ MS, Bruker. The appa-
ratus was connected to PAT-Cell-Gas made by EL-CELL®. The electro-
chemical cell was inserted into the thermostatic chamber (25°C). The
temperature of the injector was 220°C, the column was 180°C and the
mass spectrometer was 220°C.

2.3. Electrochemical investigation

Electrochemical measurements were performed on a multichannel

galvanostat/potentiostat (VMP-3 Biologic®) controlled by EC-Lab®
software at room temperature (21°C). To initially intercalate and work
out the cells, 3 cycles of charging and discharging using galvanostatic
charge potential limitation (GCPL) at C/20 (C - current density 372 mA
g'l) were performed until 10 mV vs. Li/Li" for intercalation, and 1.5 V
vs. Li/Li" for deintercalation (Fig. S1). After that, the SPECS measure-
ment was performed with the application of a series of potentiostatic
hold periods (controlled by chronoamperometry; CA): every 10 mV to
0.3 Vs, Li/Li" for 5 minutes and every 1 mV to 0.01 V vs. Li/Li* for 10
minutes. This setting allows observing all changes occurring in the
system with particular emphasis on the potential below 0.3 V, where
individual intercalation/deintercalation steps take place. In addition,
each of the electrochemical systems was subjected to a GITT examina-
tion to determine the diffusion coefficient. Cells were tested with the C/
20 current using the GCPL technique, which consisted of a series of
charging and discharging steps by delivering the current for an hour and
then holding it for 1 h, to reach the capacity of 300 mAh g'l. Such a
limitation allowed for the desired accuracy and reproducibility of the
results.

2.4. SPECS calculations description

In principle, during SPECS, the cell undergoes a sequence of equal
changes in potential (steps) separated by the rest time, which must be
long enough to reach the equilibrium state. The small step change allows
maximum storage capabilities to be reached and provides information
on different aspects of energy storage mechanisms. Total current (Ir)
registered at a given potential step can be divided on currents related to
electric double-layer (EDL) formation (Igp.), diffusion limited processes
(Ip) and residual processes (I) (Eq. 1) [37,38].

It =Igpe + Ip +Ir (€8]

Furthermore, Iz, can be divided into currents related to EDL for-
mation in the electrode porosity (pore-related current, Ip) and at the
outer electrode surface (so-called geometric current, I;) (Eq. 2).

Ir =Ip + 16 +1Ip + Iz 2)

For porous materials like activated carbons (ACs), the electrode bulk
consists of a porous structure; in graphite, it should rather be considered
as the space accessible for ions between graphene layers. The outer
electrode surface is considered a surface area easily accessible to the
electrolyte, but in graphite materials, these are the edges of graphene
layers.

Taking into account the rest time (t) and the potential step (AE), it is
possible to calculate components like resistance (Rp) and differential
capacitance (Cp) of intergraphite layers, resistance (Rg) and differential
capacitance (Cg) of graphene edges and so-called diffusion parameter
(B). I is the current related to additional, residual processes in the
system. Having said that, the final form is as follows (Eq. 3):

)¢ 7£ex (—; +£ex P +£+I 3)
TR P\ TR+ G Ro P\ TRg+Co) @R

All of these components provide detailed information about system
operation. Therefore, SPECS is a fast and effective tool for identifying
the stability of electrode materials, the ionic mobility in the electrolyte,
the equivalent series resistance (ESR) of the electrode materials, and
even the engineering of the cell [39,40].

2.5. Determination of diffusion coefficient using GITT

GITT is a method of applying current pulses to the system and
measuring the potential response, made to estimate detailed values,
such as the diffusion coefficient. An example of the response of the po-
tential change to a given current pulse is shown in Fig. 1. It consists of
the transition from the initial potential (Ey) through the voltage jump (IR
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Fig. 1. Schematic representation of single galvanostatic intermittent titration
technique (GITT) pulse and half-cell potential response.

drop, E; — Ep) to the increase phase (E; — E;), then through the next IR
drop (E3 — E») to the final resting potential phase (Ey).

In 1977, Weppner and Huggins proposed a formula for estimating
the diffusion coefficient by measuring the potential using the GITT
measurement (Eq. 4) [41].

~ 4 (mgV,\’ [AEs\’ L’
D= o (MHS) (AE,) for (re:ﬁ) 4

Where: D is the diffusion coefficient [m? s '], 7 is the interval time
from charging to discharging (without relaxation phase) [s], mp is a
mass of component B in the sample [g], My is the atomic weight of
component B [m® mol™'], V,, is the molar volume of the sample [m®
mol 1], S is the area of sample-electrolyte interface [mz], AE; is the
difference between the initial potential and the end potential (after
relaxation time) [V], AE, is the total change of the voltage cell
neglecting voltage drop [V] and L is the sample thickness [m].

A series of calculations have been done over the past 45 years to
simplify the obtained equation [27,29]. There are various modifications
of this formula; however, to examine the diffusion coefficient for lithium
ions at the graphite electrode, it was decided to use the following for-
mula (Eq. 5) [27].

=4 (E-E\ 1 L

D= o (Ez —EJ) ; for T«E 5)
According to this equation, by using the potential response values, t,

value (pulse duration) and r, value (particle radius of the graphite

electrode, 4 pm) it is possible to determine the lithium diffusion
coefficient.

3. Results and discussion

Four electrochemical cells with different molar solutions of LiFSI salt
in the electrolyte were tested using the SPECS technique. A total ca-
pacity (Cr), at a given potential, was calculated based on the surface
area under the registered current curve. To express Cr in mAh g’1 the
charge [A s] was divided by 3600 s and also by active electrode mass [g].
In the SPECS procedure, two regimes of potential steps and time in-
tervals were applied. In the 1.5 — 0.3 V vs. Li/Li* potential range, the
accelerated SPECS procedure was used (aE = 10 mV; t =5 min.). Such
experimental conditions were selected based on preliminary studies,
where no significant current changes (in particular resulting from Li*
intercalation) in the aforementioned potential range occured. The

acceleration procedure allowed us to reduce the duration of the exper-
iment. However, the applied shift was too fast in the further potential
range to register current changes connected with Li* intercalation.

A slight increase in the registered current or Cy in 10 h (Fig. 2) in-
dicates that the potential shift is too fast. Only the change of the time
interval for 10 minutes and the potential step for 1 mV allowed for the
complete occurrence of individual intercalation stages (from 10 h). Such
SPECS conditions covered the 0.3 - 0.01 V vs. Li/Li" range. According to
the data presented in Fig. 2, the third and second intercalation steps
(regardless of electrolyte concentration) start at similar potentials (stage
3 at 0.21 V vs. Li/Li", stage 2 at 0.13 V vs. Li/Li"). Peak height differ-
ences (Cr value) are associated with an optimal LiFSI concentration. For
all intercalation stages, the highest Cr was obtained for 1 mol L™, then 5
mol L%, 10 mol L' and the lowest peak hight was for 0.1 mol L™!
electrolyte. This trend is related to the intercalation stage. The system
with the salt concentration of 1 mol L™ is characterized by the highest
conductivity (the highest mobility of ions) and the lowest resistance (R)
(details of this issue are discussed later). Another difference is the po-
tential value for which falls the Cy peak. It can be seen that with each
intercalation step for 1 mol LY, the Cr peak is reached the fastest. This is
due to the fast, unaffected Li" intercalation. A higher LiFSI concentra-
tion results in hindered wettability of the electrode (due to the high
viscosity of the electrolyte [42,43]), delayed and incomplete intercala-
tion. The efficiency of this phenomenon decreases with successive stages
for electrolyte concentrations of 0.1, 5 and 10 mol L1, This is postulated
based on ever greater potential shifts for which there is a maximum of
the Cr peak, concerning the potential for the 1 mol L~ system peak. The
peak separation for the first intercalation stage of 0.1 mol L also seems
interesting (not observable for other concentrations). The first signal is
from the transition to the 1% stage using lithium ions available in the
solution. Because the solution is diluted, there is no sufficient amount of
Li* ions to fill all the empty spaces between graphite layers. So process is
then delayed because lithium ions have to move from the metallic
electrode to the graphite surface. This transport is driven by diffusion,
which increase is observed in Fig. 3e. Additionally, obtained results
showed how sensitive the SPECS technique could be. The emerging
signal could also indicate the decomposition of the electrolyte. However,
this assumptuon was verified by conducting the operando gas chroma-
tography with mass spectrometry (GCMS), which shows that no car-
bonate decomposition gases are formed during electrochemical work
(Fig. $2). Reverse polarisation leads to the same conclusions but is
linked with Li" deintercalation.

Before discussing processed SPECS data, it should be mentioned that
the error of the fitted curves is very small and the fitting reflected a good
correlation coefficient (>0.9985, see Fig. §3). Intercalation of Li",
previously accumulated on the graphene edges (the outer electrode
surface, called geometric), between the graphene layers results in Rp
decrease (I'ig. 3a). This observation applies to all intercalation stages.
The introduction of Li" into the intergraphene layers leads to an increase
in its conductivity and thus Rp decrease. The 1 mol L™! system is char-
acterized by the lowest resistance and the 0.1 mol L ™! by the highest. At
the same time, a rapid increase in Rg was observed (Fig. 3b). This results
from a partial decrease in the geometric surface conductivity, and it is
related to partial Li* adsorption (during intercalation) from this surface
to the intergraphene surface. An electrochemical spectroscopic imped-
ance (EIS) study was also performed for two systems with an electrolyte
concentration of 0.1 mol L™ ! and 1 mol L ! (Fig. $4). A characteristic
feature of these cells is the changing resistance of the system during
different stages of intercalation. The obtained results are comparable
with the results obtained with the SPECS technique. The resistance
associated with the electrode decreases to a small extent during indi-
vidual stages of intercalation (Fig. 3a) and the internal resistance in-
creases (Fig. 3b). Especially for 0.1 mol L 1 solution, the internal
resistance increase is mainly related to the resistance of the electrolyte.
This is caused by the dropping in the electrolyte conductivity because
lithium ions enter between the graphite structures. For a 1 mol L™}
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Fig. 2. Total specific capacity for lithium-graphite based systems with 0.1, 1, 5 and 10 mol L~! LiFSI in EC:DMC (1:1; v:v).

solution, the decrease in conductivity is not significant, which does not
cause a relevant increase in resistance. In addition, diffusive layer
resistance for both systems increases during occurring the intercalation
stages, especially the 1*' one which also found its reflection in SPECS
(Fig. 3e). The simultaneous intercalation leads to Cp increase (Fig. 3c)
and Cg decrease (Fig. 3d). The higher normalized diffusion parameter D
(Fig. 3e) proves efficient Li " transport and effective intercalation. Again,
the highest D value corresponds to a 1 mol L' system. The trend of
residual component R (Fig. 3f) is almost identical to the trend of Cr
presented earlier in Fig. 2. This proves that it has a significant influence
on the total current response. This component plays a secondary role in
capacitor systems and corresponds to the side reactions, e.g., pseudo-
capacitive, redox or electrolyte decomposition processes. The dominant
capacitance contribution comes from the current response associated
with the formation of EDL. The intercalation time (time constants 7) on
the considered surfaces are presented in Fig. 3g and 3h. The time of Li"
intercalation between the graphene layers (7p) increases for the subse-
quent intercalation stages. This is a logical observation, as it becomes
more and more difficult and takes time to fill the successive layers. The
time constant 7 is comparable for the entire potential range (0.3 - 0.01
Vvs. Li/Li"), in which adsorption at the graphene edges takes place. The
slight fluctuations in 7 appears, in the regions where the intercalation
process occurs. This is due to the diffusion of previously adsorbed Li"
ions from the edges into the graphene layers.

By integrating the area under the individual Cr curves in the po-
tential range of 1.5 — 0.01 V, the total Cr values for the tested systems
were obtained (Fig. 4a). The differences between the Cr are small, which
means all systems were properly intercalated. However, the lowest value
(361 mAh g ") for the 0.1 mol L' system makes believe that the ions
concentration might be insufficient and the small loss of the capacity is
regarding probably due to the uneven distribution of ions. On the other
hand, the Cr values for the rest concentrations are slightly higher than
the theoretical capacity of graphite (372 mAh g™ 1).

Much greater differences were observed for Cp. In this case, for the
lowest concentration, Cp is almost two times smaller compared to the 1
mol L™! solution with the highest value (128 mAh g1). The interlayer
surface is much more developed than the surface of the graphite edges,
therefore the Cp contribution reaches as much as 34% (for 1 mol L™ 1)
(Fig. 4b). Interestingly, the share of porous capacity in total registered
capacity is so high, taking into account the small surface area of
graphite; including the surface of intergraphite layers. The high Cp
registered is caused by the presence of intergraphene defects [44], that
favour an increase in EDL capacity [45,46]. Although it is expected from
the state of the art system, that faradaic capacity will be dominant (and
it is), the porous capacity has a significant contribution to the total ca-
pacity of the system. The C¢ contribution is negligible for all concen-
trations and does not exceed 2.7% (for 10 mol L™'). The C; increases
with increasing concentration from 2.7 to 10.2 mAh g~ '. Cp has the

lowest contribution and does not exceed 0.2% (for 1 mol L™!). The
values of this component depend on the resistance of the electrolyte. For
0.1 mol L™}, the resistances result from the insufficient number of charge
carriers, while for 5 and 10 mol L ! the resistances are due to spatial
hindrances related to the abundance of ions. The dominant contribution
(> 64% for 1 mol L™!) of Cy is evident for battery systems. The highest
value (287 mAh g~ ') and contribution (~80%) of this component for the
0.1 mol L' system result from subjecting all or almost all species
capable of redox transformations to their effective occurrence. In this
case, the remaining small number of species (not participating in redox
reactions) do not inhibit these changes. In turn, the 1 mol L' concen-
tration is optimal for effective intercalation (33% of Cr) between gra-
phene layers, suppressing the redox reactions taking place (64% of Cr).
The share of the individual Cy components (Cp, Cg, Cp, Cr) is presented
for 1 mol L™! LiFSI in Fig. S5 in the graphical representation of specific
capacity vs. time of measurement.

To compare the results of the diffusion coefficient with those of the
SPECS technique, the GITT test was performed. The SPECS measurement
is based on the analysis of the currents generated during the applied
potential to the system, while the GITT measurement is based on the
analysis of the potential differences to the applied current. Therefore,
one should expect differences in the interpretation of the results.
Moreover, both techniques’ results are expressed in different units; in
the SPECS technique, the diffusion coefficient is expressed in A s°°, and
the GITT technique it is m? s~ !

Since the single diffusion coefficient value can be calculated for the
entire duration of the pulse, it was assumed to be the value of the current
jump capacity. Therefore, there may be slight differences in the peak
shifts compared to those of the SPECS technique. The GITT test was
performed up to a capacity of 300 mAh g~! for each system for
computational reasons (Fig. 5). Complete intercalation could be a
problem in confronting the values and could result in unnecessary
additional errors. Unfortunately, in this way, an important element of
the system was omitted, i.e. the transition to the first intercalation stage.
Such a study was also performed and presented in (Fig. $6).

When calculating the diffusion coefficient in the GITT technique, the
formula was divided into three parts, component A (%), component B

(%:—g‘;) and component C (?:’—). It can be noticed that component A and

component C will be constant for each of the tested systems, only the
values in component B will change and will determine the final shape of
the curve. Component C, which contains the particle size of the electrode
material (4 um), raised to the power and further divided by the pulse
time, makes the obtained values very low (~107'%). However, low
values prove the high sensitivity of the system to the diffusion coeffi-
cient. It is worth adding that the formula does not change when the
polarity of the system is modified; this is due to the mathematical
equation itself, which means that only absolute values have been used in
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Fig. 3. (continued).

the calculations. The value of the diffusion coefficient for the lowest
capacity might be slightly different because the measurement starts at
the 1.5 V voltage point, which is artificially forced by the previously
imposed polarisation. However, this point reflects how dynamic the

diffusion of the system is at the very beginning. When a negative polarity
is applied to the system, all positive ions, mainly lithium, are first
attracted to the electrode. The diffusive nature of the system indicates
more capacitive features, which can be seen in the current values
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previously described at SPECS (Fig. 3¢ and 3d). In the case of SPECS and
GITT, the diffusion coefficient at low values of the capacity of the system
is the highest. The further course of the diffusion curve depends on the
occurrence of individual stages of lithium intercalation into the graphite
structure, As the potential decreases/increases, the diffusion coefficient
changes. It is logical because based on the potential change, the diffusion
coefficient is calculated in the GITT method. The data (Fig. 5b) clearly
shows the transition between the 2*¢ and 3 stages of intercalation.
However, in the case of SPECS, there is no significant change between
the stages. A slight increase preceded by a decrease in diffusion was

observed during the transition. This information provides a new outlook
on the understanding of diffusion occurring in this system. This char-
acter of the curve can be explained as first the accumulation of charge on
the surface and then ‘waiting’ for the voltage to exceed, enabling further
intercalation and a temporary increase in the diffusion coefficient. In the
case of GITT curves, no decrease in diffusion was observed before its
increase. So, the transition between successive stages of intercalation is
associated with a change in energy in the system, which makes it
impossible to notice when observing the potential, while the observation
of currents allows seeing such changes.

Adam Mackowiak, PhD Dissertation

| 141



One-step assembly of metal-ion capacitors using
redox-active electrolytes

When describing the values obtained from GITT, special attention
should be paid to the area between the charge and discharge curves
shown in Fig. 5a. They represent resistance in a system composed of
several factors, including diffusion and conductivity. It can be seen that
the 1 mol L' system shows the smallest area between the intercalation
and deintercalation curves. This means that the resistance values in this
cell are the lowest, i.e. the diffusion and conductivity coefficients are at
the optimum of the system operation. This is confirmation of the relation
between different concentrations concluded from the diffusion coeffi-
cient in Fig. 5b and conductivity in Fig. $7. Another important param-
eter is the value of the potential difference between the charge/
discharge and the resting of the system. It should be noted that the
higher the potential change, the worse the charge is maintained by the
electrode, which may result in the poor cyclic operation of the system.
The potential difference also changes with the charge level of the
working electrode. A particularly significant difference can be seen be-
tween the 0.1 and 1 mol L ~! systems. An electrode that does not hold the
charge well will certainly have remarkable self-discharge, which is, of
course, not a good feature for the battery system.

Evaluating both the SPECS and GITT results, one should notice the
shift in time/capacity of the peaks from the transition between stages
depending on whether there is intercalation or deintercalation of the
system. This dependence can be observed both in the SPECS current
curves and in the galvanostatic curves, and the SPECS and GITT diffu-
sion coefficients only confirm this relationship. Also, an important dif-
ference between diffusion for SPECS and GITT is the moment of
polarization change. In the case of GITT, this moment causes a signifi-
cant increase in the diffusion coefficient (ig. 5b), which can be seen for
each system. However, with the SPECS technique, the change in polarity
makes a minor difference in diffusion. This might suggest that such a
highly charged graphite electrode holds its charge until the next stage is
passed.

4. Conclusions

A comparison of the systems operation with different salt concen-
trations shows how important it is to choose the right number of con-
ducting ions in the system to obtain reproducible electrochemical
results. Their deficiency causes difficulties in the intercalation process, a
decrease in the capacity of the system and an increase in system resis-
tance. In turn, the excess causes an increase in the resistance associated
with the diffusion of ions and a decrease in conductivity, which also
affects the overall performance of the system. Despite differences in
nature, both SPECS and GITT analyses confirmed that there is an optimal
concentration of salt to perform the intercalation process efficiently.
Moreover, many factors are affected by salt concentration. In this
context, for the given experimental conditions, the electrolyte with 1
mol L~ LiFSI seems to be the right (optimal) choice.
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Abstract

The quest for efficient and sustainable energy storage solutions has urged significant interest in lithium-
ion capacitors (LICs) due to their balanced power and energy characteristics. This study explores the
performance of carbon electrodes in LICs prelithiated with a redox-active electrolyte containing lithium
thiocyanate (LISCN). Utilizing Step Potential Electrochemical Spectroscopy (SPECS) and Galvanostatic
Intermittent Titration Technique (GITT), an investigation of the impact of thiocyanate on electrode
performance was performed. The presence of LISCN facilitates lithium intercalation in the negative
graphite electrode, enhancing capacity and reducing resistance. The SPECS technique reveals distinct
intercalation stages and improved ion diffusion, while GITT confirms these findings with diffusion
coefficients. The study demonstrates the efficacy of using redox-active electrolytes in LICs, presenting

a viable path for optimizing their performance in future applications.

Introduction

In the realm of energy storage, the quest for efficient and sustainable solutions continues to drive
innovation and research. Electric double-layer capacitors (EDLCs), due to their high power (~10 kW
kg™") and long lifespan (1 million cycles), find applications in areas such as automotive, electronics,
renewable energy, and public transportation’*. However, EDLCs have significantly lower specific
energy (~10 Wh kg~') compared to lithium-ion batteries (~250 Wh kg') 5 6. While lithium-ion batteries
stand out as the most popular energy storage solutions currently available, their short lifespan (1000
cycles) and low specific power (<1 kW kg~') necessitate the exploration of new alternatives 7- & One
such alternative is lithium-ion capacitors (LICs), characterized by optimal power (5 kW kg=') and energy

(~50 Wh kg") values while maintaining a long lifespan (~100,000 cycles) ¢ '°. LICs emerge as an

1
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attractive option for applications including automotive (regenerative braking), spacecraft power supply,
renewable energy, and small portable electronics ''-'4. LICs offer a promising solution poised to meet

the evolving demands of modern energy storage requirements.

In the construction of LICs, carbon-based electrodes are predominantly used, which makes them
lightweight and cost-efficient '°. The negative electrode in capacitors can be composed of materials such
as reduced graphene oxide (rGO), biomass-derived hard carbons, transition metal dichalcogenides
(TMDs) and metal oxides like LisTisO12, TiO2, and Nb20s 619, Most of the mentioned materials possess
a layered structure, allowing lithium ions to penetrate their structure and deposit between these layers.
However, graphite, due to its flat and low Li-insertion potential of ~0.1 V as well as its high theoretical
capacity of 372 mAh g, is considered an ideal anode material for LICs 2. Positive electrodes in lithium-
ion capacitors can consist of B and N co-doped carbon nanofibers, carbon nanotubes, and graphene 2'-
23, Activated carbon (AC) dominates as a positive electrode material in LIC research based on the
energy-storage mechanism of surface adsorption, as it exhibits high surface area (~3000 m? g),

excellent conductivity (~60 S m*'), and good chemical stability?+ 25.

However, LICs face one structural obstacle - a prelithiation process must be conducted for them to
function. Currently, several methods are known in the literature that enables an efficient prelithiation
process, such as prelithiation using an additional lithium electrode, prelithiation utilizing sacrificial
material, or prelithiation from a concentrated lithium electrolyte © 26-28, Recently, another prelithiation
method using redox-active salts in the electrolyte has emerged 2°. This approach involves oxidizing
redox salts on the positive electrode during the first charging cycle, facilitating efficient intercalation of
the negative electrode. It is crucial for the reaction to occur at a potential lower than the electrolyte
decomposition potential and to be irreversible. The oxidation reaction of redox salts primarily occurs on
the positive electrode, but how does the presence of this reaction affect the performance of the negative

electrode?

There are several electrochemical techniques commonly used to assess the performance of the
negative electrode, such as GCPL, CV, and PEIS3%-32, These techniques provide valuable information
about capacity, resistance, efficiency, cyclability, and power and energy output33. To determine the
diffusion coefficient parameter, the most commonly chosen techniques are the Galvanostatic
Intermittent Titration Technique (GITT) and the Potentiostatic Intermittent Titration Technique (PITT) 34
35, However, due to the sensitivity of the lithium intercalation and deintercalation processes in the
graphite structure, the use of GITT appears to be a better and more reliable solution 36.37. In 2015, the
application of the Step Potential Electrochemical Spectroscopy (SPECS) technique for detailed
describing of energy storage systems has been demonstrated®®. The SPECS technique was primarily
used for electrochemical capacitors3®. However, with appropriate reasoning, it has also been applied to
provide detailed descriptions of battery systems*’. Combining the SPECS and GITT techniques

represents a powerful tool for analysing processes occurring in energy storage devices.

In this article, the SPECS technique will be utilized to thoroughly investigate the processes occurring on
the carbon electrodes of a lithium-ion capacitor, which will be prelithiated using an electrolyte containing

a redox salt additive (Figure 1). This salt will consist of lithium thiocyanate (LISCN) as the additive. The

2
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capacitor electrodes will be examined both in half-cells and in the full system configuration.
Subsequently, the results obtained from SPECS will be compared with other commonly used techniques
such as PEIS, GCPL, and GITT.

System —\ /— Mechla:nism \
X’

Intercalation

-

) wdox + capacitance

n S
Wy GG

Residual
current

k EDL Diffusion Resistance

Figure 1. Schematic representation of the study with the assembly of hybrid metal-ion capacitors

containing a redox-active electrolyte.

Experimental Methods

Electrolyte. Lithium hexafluorophosphate (LiPFs) and lithium thiocyanate hydrate (LiSCN - xH20) were
procured from Sigma-Aldrich (Merck) and subjected to a desiccation process under vacuum at 120°C
for one week. Lithium thiocyanate hydrate underwent a pre-drying procedure at 130°C employing a
liquid nitrogen cold trap to remove water excess. Anhydrous solvents, ethylene carbonate (EC), and
dimethyl carbonate (DMC) were obtained from Sigma—Aldrich (Merck). The electrolyte for the cells
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consisted of a one molar solution of LiPFe dissolved in a mixture of EC and DMC in a 1:1 volumetric
ratio. For the redox electrolyte, a one molar solution of LiPFs in a mixture of EC and DMC was utilized,
supplemented with a calculated amount of LISCN salt. The quantity of thiocyanate salt added to the
electrolyte was determined based on the mass of the negative electrode and its theoretical capacity.
The conductivity of the electrolyte without the redox component measured 13.01 mS cm-!, while the
electrolyte with thiocyanate salt exhibited a conductivity of 10.88 mS cm-'. Conductivity assessments
were conducted at room temperature (21°C) using a 2-electrode Swagelok® system with a spacer,
employing potentiostatic electrochemical impedance spectroscopy (PEIS). 600 pL of the prepared
electrolytes were utilized to saturate the separators during the assembly of the electrochemical cells. All

chemicals were stored in an MBraun glovebox to maintain an inert environment.

Electrode material. The negative electrode of the hybrid Li-ion capacitor was fabricated utilizing copper
foil coated with artificial graphite (total thickness = 100 pm), sourced from Customcells®. As for the
positive electrode, a self-standing electrode composed of Kuraray YP80F (80%), polytetrafluoroethylene
(PTFE) (10%), and carbon black C65 (10%) (total thickness = 114 ym) was used. The positive electrode
surface area is 1558 m2 g-'. The microtextural properties of the positive electrode were assessed using
the Brunauer—-Emmett-Teller (BET) isotherm method at 77 K, employing N2 as an adsorbate (ASAP
2460, Micromeritics, USA). Before adsorption/desorption procedures, samples underwent flushing at
350°C for 12 hours under continuous helium flow, followed by further degassing at 25°C for 5 hours
under vacuum conditions*'. Before the cell assembly, both negative and positive electrodes were dried
for 24h at 120°C using a vacuum chamber. The reference electrode consisted of metallic lithium

obtained from Sigma-Aldrich (Merck).

Cell assembly. Circular electrodes with a diameter of 16 mm and a surface area of 2 cm? were obtained
from both positive and negative electrode materials using EL-Cut, a tool supplied by EL-CELL®. The
active mass ratio between the electrodes was maintained at approximately 1:1. Before cell assembly,
the electrolyte was freshly prepared. The positive and negative electrodes were then positioned within
the ECC-REF electrochemical cell (provided by EL-CELL®), separated by two glass fibre discs with a
diameter of 18 mm (GF/D, Whatman®), each saturated with 600 pL of electrolyte. The reference
electrode was inserted into the reference pinhole using an ECC loader (provided by EL-CELL®). For
half-cell measurements, the counter and reference electrodes, consisting of metallic lithium, were
shaped as discs with a diameter of 16 mm. All assembly procedures were carried out within a glovebox
(MBraun).

Electrochemical investigation. Electrochemical measurements were conducted using a multichannel
galvanostat/potentiostat (VMP-3 Biologic®) under the control of EC-Lab® software at room temperature
(21°C). The SPECS measurement involved applying a sequence of potentiostatic hold periods,
controlled by chronoamperometry (CA): every 1 mV to 0.01 V vs. Li/Li* for 10 minutes. This protocol
was designed to comprehensively monitor system changes, particularly emphasizing potential regions

below 0.3 V, where individual intercalation/deintercalation events occur. Furthermore, a GITT
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examination was performed on each electrochemical system to determine the diffusion coefficient. Cells
underwent testing with the C/20 current using the GCPL technique, involving a series of charging and
discharging steps by delivering the current for an hour followed by a 1-hour hold period to achieve
complete intercalation.

Step potential electrochemical spectroscopy (SPECS). A method known as step potential
electrochemical spectroscopy has recently been introduced into the realm of electric double-layer
capacitors® and battery systems?*?. The fundamental concept underlying SPECS involves subjecting
the cell to a series of gradual changes in potential (referred to as steps), followed by periods of rest.
These rest intervals are sufficiently lengthy to allow the current response to reach an equilibrium state.
By employing small step changes, SPECS facilitates the completion of maximum storage capacities
while simultaneously offering insights into various factors of energy storage mechanisms. The total
current (It) recorded during a specific potential step can be divided into distinct components, namely
those associated with electric double-layer (EDL) formation (leo.), diffusion-limited processes (Ip), and
residual processes (Ir), as expressed by Equation 142,

Ip =Igp, +1p + 1 (1)

In the context of electrochemical capacitors, the description of electric double-layer (EDL) formation
current (leoL) can be further elaborated to distinguish between the current associated with electrode
porosity (referred to as pore-related current, Ir) and the current about electrode geometry, specifically
the outer electrode surface (geometric current, Ic). However, in the case of battery systems, this
differentiation becomes inconsequential due to the predominance of charge storage mechanisms
primarily driven by redox reactions. Thus, it is clearer to simply characterize it as EDL current. Therefore,
considering the influence of rest time (t) and potential step (AE), it becomes feasible to compute
additional components such as resistance (Reo.), differential capacitance (CepL), diffusion parameter

(B), and residual current (Ir), culminating in the formulation of the final equation (Eq. 2).

_ AE . t B
b= REDL exp ( REDL+C£DL) + t0s +ig (2)

The residual current refers to the steady-state current that remains after a potential step is applied to

the electrochemical system and the transient current has decayed. This residual current is typically

constant because it represents the current flowing in the system when the electrochemical processes

have reached a steady state. Nevertheless, in instances where a redox reaction transpires at a specific

potential, the Ir current will proportionately escalate.

By collating the computed system components, a comprehensive depiction of system operation can be
elucidated. Hence, SPECS emerges as a rapid and efficacious tool for delineating the stability of
electrode materials, assessing ionic mobility within the electrolyte, quantifying the equivalent series
resistance (ESR) of electrode materials, and even optimizing cell engineering43 44
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Galvanostatic intermittent titration technique (GITT). Unlike SPECS, GITT is a technique in which a
current pulse is applied to the system, and its potential response is measured. GITT is a well-known and
commonly used technique primarily for determining the diffusion coefficient of energy storage systems?3.
To calculate the diffusion values, the Weppner and Huggins equation is often employed?5. However, for
precise determination of the lithium-ion diffusion coefficient in a system with graphite electrode, a
modified equation is applied®’:
D= %(ﬁ)zg/‘or (‘L’ « %2) (3)

In Equation 3, the symbol D represents the diffusion coefficient [m2 s7'], T is the interval time from
charging to discharging (without relaxation phase) [s], and L is the sample thickness [m]. The potential
response observed during GITT comprises five distinct phases: starting from the initial potential (Eo),
transitioning through the voltage jump (IR drop, E1 — Eo), progressing to the increment phase (E2 - E1),
further proceeding through the subsequent IR drop (Es - E2), and ultimately reaching the phase of final
resting potential (E4) (Fig. 1). Utilizing this equation, along with the potential response data, the values

of tp (pulse duration) and rp (particle radius - graphite 9 um, activated carbon 5 pm), allow the

determination of the lithium diffusion coefficient.
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Figure 2. Schematic comparison of the single galvanostatic intermittent titration technique (GITT) pulse

and step potential electrochemical spectroscopy (SPECS) pulse.

Results and discussion

Considering recent literature reports on one-step pre-intercalation in hybrid metal-ion capacitors, studies

were undertaken to investigate the impact of redox-active electrolytes on the performance of individual

6
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electrodes in a lithium-ion capacitor?®. To thoroughly examine the effects of thiocyanates, their
electrochemical behaviour during standard constant current charging and discharging of the system was
first demonstrated. Figure 3a illustrates the effect of thiocyanate salt in the solution on the performance
of the positive electrode. By applying a current of C/20 (where C corresponds to the theoretical full
charge capacity of the graphite electrode, 372 mAh g'), the system without SCN™ anions exhibits a
purely capacitive behaviour. The capacity for such charging up to 4.5 V is 71 mAh g-', indicating a deficit
of 301 mAh g required to fully charge the graphite electrode. To address this capacity deficiency, a
precisely calculated amount of thiocyanate was added to the electrolyte, which increased the capacity
to 372 mAh g, thus matching the graphite electrode full charge capacity. The presence of thiocyanates
creates a potential plateau around 3.5 V, which limits the potential increase of the positive electrode,
allowing it to accumulate sufficient capacity without exceeding the cut-off potential (i.e., 4.5 V). As
observed, during discharge, the curve displays a more capacitive character, suggesting that most

thiocyanates underwent irreversible reactions during the initial charge.

Subsequently, the negative electrode (graphite) was studied in a half-cell configuration with and without
the addition of thiocyanate salt (Figure 3b). The system with the added salt achieved a higher first-cycle
capacity (399 mAh g') compared to the system without the addition (383 mAh g'). However, a part of
this capacity was utilized to form the solid electrolyte interphase (SEIl) layer, resulting in a higher
irreversible capacity (47 mAh g') compared to the system without the addition (36 mAh g7).
Nonetheless, both systems exhibited very similar performance, with distinct intercalation stages
observed, suggesting that the SCN™ anions did not have a significant impact on the lithium intercalation

process into the graphite structure.

In the subsequent phase of the study, two hybrid capacitor systems were assembled, with graphite
serving as the negative electrode and activated carbon as the positive electrode. In one of these
systems, LiSCN salt was added to the electrolyte. As shown in Figure 3c, the system without thiocyanate
additives quickly reached the cut-off potential of the positive electrode, and the curve flattened, indicating
an electrochemical reaction that decomposes the electrolyte. Meanwhile, no distinct intercalation stages
were observed at the negative electrode, resulting in the system not achieving the expected capacity.
The addition of SCN™ salt, as observed in the half-cell experiments, mitigated the increase in the positive
electrode potential, acting as a charge-balancer and facilitating the intercalation of lithium cations into
the graphite structure. Additionally, it is likely that lithium ions participated in reactions and did not
adversely affect electrolyte conductivity, as the cation balance was maintained relative to a standard
electrolyte. This approach confirms the effectiveness of the one-step assembly approach in lithium-ion
capacitors.

Subsequently, it was decided to investigate the resistances using the potentiostatic electrochemical
impedance spectroscopy (PEIS) technique for the electrodes in their fully charged state. For the positive
electrodes, this was at a potential of 4.5 V, while for the negative electrodes it was at a potential of 0.01
V. Figure S1 compares the performance of the positive electrodes. The equivalent series resistance
(ESR) for both systems is similar (5 ohms for the system with SCN- anions and 6 ohms for the system

without SCN-), as both were constructed with the same electrode materials. However, the resistance
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represented by the semicircle size for the SCN- system is significantly higher. This indicates an
increased charge transfer resistance at the electrode/electrolyte interface, which is attributed to charge
separation at the phase boundary or ion diffusion resistance in the electrolyte, particularly near the
electrode surface?®. This suggests that the presence and reaction of thiocyanate anions may hinder the

charge transfer at the positive electrode during the first cycle.

In contrast, for the negative electrodes (Figure 3d), the presence of SCN- ions positively affects the
resistance values in the system. This difference may be due to the reduction of some thiocyanate anions
on the negative electrode surface, forming a less resistive SEI layer that facilitates the transport of lithium
ions into the graphite structure. When comparing the performance of the negative electrodes in full
hybrid systems, it should be noted that the response from the Stern layer in the spectra for both systems
was comparable; however, the addition of SCN- ions did not influence the thickness of the Stern layer.
It should be considered that the SCN- system was fully intercalated, which results in lower resistance

values in the semicircle.
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Figure 3. Comparison of charging and discharging curves for systems with and without electroactive
additive in electrolyte a) half-cells with activated carbon, b) half-cells with graphite, c) full hybrid cells,

d) impedance spectroscopy results for graphite electrodes in half-cells and full hybrid cells.

To effectively analyze the results obtained from the SPECS technique, it is essential first to consider the
parameters that can be extracted using this powerful tool. The total current can be divided into EDL
current, diffusive current, and residual current. The area under the current curves allows for the
calculation of capacities attributed to EDL, diffusion, and residual effects. The SPECSFit software can
further refine these equations to yield detailed values such as the diffusion parameter, time constant,

8
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and EDL layer resistance. The current associated with EDL layer formation can be further categorized
into pore-related current and geometric current. In the context of electric double-layer capacitors, pore-
related current relates to the formation of the EDL layer within the porous materials of the positive
electrode. For graphite, this should be considered as the ion-accessible space between graphene
layers. Geometric current in EDLCs refers to the outer electrode surface that is easily accessible to the
electrolyte, whereas for graphite systems, it describes the edges of the graphene layers. In the studies
conducted, however, the distinction between porous and geometric components was not made, to
simplify the analysis by considering them as related to double-layer formation. Applying an appropriate
potential step is crucial in SPECS studies. A very slow potential step was used in the experiments to
achieve the most accurate current curve, with a 1 mV potential step every 10 minutes. This long interval
ensures equilibrium of the current curve, though it extends the experiment duration. The 1 mV step is
particularly important for capturing changes in the graphite electrode system, where potential differences

between intercalation stages are marginal.

The SPECS studies began by examining half-cells with activated carbon. In this case, systems with and
without the addition of LISCN were compared, as shown in Figure 4. Initially, the total current was
converted to a total specific capacity. A distinct signal from the thiocyanate reaction at a potential of 3.4
V was observed. This potential is slightly lower than the reaction potential observed in the previous
galvanostatic charge study. This occurs because the SPECS study is much slower and more detailed,
allowing for the capture of capacity changes much earlier. Here, it is also important to note that the
electrolyte begins to decompose at around 4.3 V, making it crucial for ageing systems not to exceed this
potential. Figure 4b illustrates that the specific EDL capacity is comparable for both systems above 3.6
V. However, during the SCN reaction, an increase in EDL capacity is observed, likely due to the
attraction of SCN- ions by the positive electrode of the cell. The residual capacity curve primarily reflects
the total specific capacity, which is consistent as the faradaic reaction of the thiocyanate anion
predominates here. The capacity of the diffusive layer is negligible but, as expected, is higher for the
system with thiocyanates. This is due to the presence of additional ions in the system. The EDL layer
resistance is higher for the system without thiocyanates, indicating a better-organized double-layer
structure and less interference from Faradaic reactions in this process. The time constant curve is
comparable to the EDL resistance, meaning the system requires more time to settle and adsorb ions on
the surface of the positive electrode. Figures h and | compile the capacities: total capacity, EDL capacity,
diffusive capacity, and residual capacity. As shown, the residual capacity has the most significant impact
on the redox electrolyte system (94%), which is logical due to the electrochemical reaction. Conversely,
for the system without SCN-, the residual capacity also has the most significant impact. This result is
somewhat misleading, but closer examination of the EDL curve reveals that EDL storage predominates
initially, and towards the end, when electrolyte decomposition processes occur, the capacity from the
residual current increases. Figure S2 describes other parameters obtained during SPECS technique
measurement. One of the more important curves is the fitting curve (Figure S2b), which shows that the
error of the fitted curves is marginal, and the fitting reflected a good correlation coefficient of more than
99%.
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Figure 4. SPECS results of half-cells using activated carbon and activated carbon with thiocyanate salt
as an electrolyte additive a) specific total capacity (Ct), b) specific EDL capacity (CeoL), ¢) residual
capacity (Cr), d) specific diffusion capacity (Cp), e) EDL resistance (R), f) diffusion parameter (B),

g) time constant (T), h) specific capacity comparison and i) individual capacity contribution.

Next, a SPECS study was conducted for two graphite systems in half-cells. Again, one system had a
dissolved thiocyanate electrolyte, while the other did not. In both cases, intercalation proceeded
successfully, with distinct intercalation stages visible. However, for the SCN system, the third stage is
more pronounced (the signal is narrower and higher) than for the system without the electrolyte additive.
Moreover, the individual intercalation stages occur slightly but at a higher potential than in a traditional
lithium-graphite half-cell. Interestingly, during deintercalation, the curves of both systems overlap,
suggesting changes only during the charging of the graphite electrode (Figure S3). A slight increase in
capacity at a potential of about 0.75 V can also be observed, suggesting the formation of more SEI in
the system with thiocyanates. The capacity of the EDL layer in this case should be negligible. Only at
the beginning and end of the charging cycle, capacity originating from the electrical double-layer was
observed, which is more related to the attraction of cations to the electrode surface rather than actual
EDL storage due to the lack of pores and the small specific surface area of graphite (about 1 m? g*).
The capacity associated with the redox reaction is dominant here due to the lithium intercalation process,

making the residual capacity curve very close to the total specific capacity curve. The diffusive capacity
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is, of course, marginal; however, in the beginning, diffusion is higher for the system without SCN, but
from the moment reactions related to SEI formation occur, there is a significant increase in diffusion in
the thiocyanate system. This is another sign suggesting that thiocyanates are responsible for the SEI
layer formation. The resistance of the EDL layer follows a characteristic pattern, where initially, lithium
ions diffuse towards the negative electrode, and the resistance is high (up to 18 mohm). However, as
the process progresses, the electrical double-layer resistance drops practically to zero. Comparing the
capacities obtained for both systems, as in the galvanostatic studies, the capacity for graphite with
thiocyanates is slightly higher than for the system without. However, the percentage values in
comparison between the individual components are comparable for both systems. Figure S4a shows
how dominant the residual current is, and the fitting curve is also very high, above 99%.
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Figure 5. SPECS results of half-cells using graphite and graphite with thiocyanate salt as an electrolyte
additive a) specific total capacity (Ct), b) specific EDL capacity (CeoL), c) residual capacity (Cr),
d) specific diffusion capacity (Cp), ) EDL resistance (R), f) diffusion parameter (B), g) time constant (),

h) specific capacity comparison and i) individual capacity contribution.

In the next step, SPECS studies were conducted in a three-electrode system, where graphite was the
negative electrode, activated carbon was the positive electrode, and metallic lithium was the reference

electrode. In this case, the performance of negative electrodes in full hybrid systems with and without
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the addition of thiocyanates was compared. The hybrid without thiocyanates was not fully intercalated,
as previously explained during the discussion of Figure 3. Nevertheless, it was decided to show the
performance of this cell for comparison purposes with the hybrid assembled using the one-step
assembly approach. Through the SPECS technique, the successive intercalation steps of the hybrid
system with SCN (Figure 6a) can be observed. The system without thiocyanates cannot surpass the
graphite potential of 0.5 V, indicating a lack of lithium intercalation process. The capacity originating
from the EDL in the hybrid without SCN is negligible, while in the SCN hybrid, it increases at the end of
the charging cycle and corresponds to the intercalation stages. Interestingly, the diffusion value in the
hybrid system with SCN starts to increase exponentially from a potential of 0.5 V, suggesting heightened
ion activity. The EDL layer resistance is similar for both systems, which is related to ion movement in
the initial phase towards the negative electrode. Only later, when the appropriate energy barriers are
overcome, intercalation occurs, and the resistance associated with EDL layer formation decreases.
Comparing the individual capacity values, it can be noted that for the system without SCN, 98% of the
capacity is related to reactions within the system, but not intercalation rather, electrolyte decomposition.
In contrast, for the system with SCN, the capacity arising from the reduction reaction constitutes 90% of
the individual components. However, the EDL capacity accounts for 10%, so it is important to remember
that the operation of the negative electrode is not only intercalation. Figure S5 shows a very good fitting
curve for the system with SCN, but for the system without thiocyanates, the error is significant. This
suggests that the SPECS technique can be successfully used only for systems where no large

fluctuations in potential and no violent reactions occur.
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Figure 6. SPECS results of full cells using graphite and graphite with thiocyanate salt as an electrolyte
additive a) specific total capacity (Cr), b) specific EDL capacity (Ceo.), c) residual capacity (Cr),
d) specific diffusion capacity (Co), e) EDL resistance (R), f) diffusion parameter (B), g) time constant (T),

h) specific capacity comparison and i) individual capacity contribution.

In the final comparison of SPECS results, a graphite-lithium half-cell with SCN was compared to a fully
intercalated hybrid using the one-step assembly approach (Figure 7). It is common in scientific studies
to test electrodes in half-cells without considering their performance in full systems which may differ.
This comparison aims to highlight the differences in the performance of the graphite electrode, where
theoretically the same processes should occur. But one system has a metallic electrode with constant
potential as a counter electrode and the other system has an active carbon electrode with additional
oxidation reactions as a counter electrode.

Comparing the total specific capacity values for both systems, the capacities responsible for individual
intercalation stages overlap, suggesting that the electrodes operate in the same manner (Figure 7a).
However, it should be noted that in the SCN hybrid, a much larger capacity is utilized for SEI formation.
In practice, this means that the simultaneous reaction occurring at the positive electrode affects the SEI
layer formation, as the oxidation of thiocyanates is not observed in the lithium electrode. The capacity

associated with the double layer is comparable for both systems. However, the diffusion parameter
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increases exponentially during intercalation for the hybrid system, while it remains almost unchanged
for the half-cell (Figure 7f). This suggests that the reaction occurring at the positive electrode influences
ion diffusion at the negative electrode. Likely, during the reaction at the positive electrode, lithium ions
are released, which diffuse towards the negative electrode, contributing to the intercalation process. The
time constant value in the initial phase is comparable for both systems, but later it increases for the
hybrid system, also suggesting interference in SEI formation. However, after the SEI layer formation,
the situation reverses, and the hybrid system is characterized by lower time constant values, meaning
ions move faster, confirming the relationship obtained in the diffusion parameter calculations. Overall,
the presence of oxidation reactions at the positive electrode results in better ion diffusion in the
electrolyte and facilitated lithium-ion intercalation. Comparing the obtained relationships of individual
capacity parameters, there is no significant difference. Only in the hybrid system, there is a slightly
higher contribution of redox capacity, likely due to SEI layer buildup. It is also worth noting the difference
in total capacity, which is nearly 100 mAh g'. This difference is due to the SEI layer buildup, as the
intercalation curves of both systems overlap (Figure S6a). In the galvanostatically charged system, there
was no such difference in capacity values. Therefore, this increase in capacity mainly results from the
prolonged duration of the SPECS study. In this case, thiocyanates have more time to react at the positive
electrode, leading to greater overall capacity. Therefore, the numerical values for capacity obtained by

the SPECS technique should be considered indicative.
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Figure 7. SPECS results of half-cell and full-cell using graphite with thiocyanate salt as an electrolyte
additive a) specific total capacity (Cr), b) specific EDL capacity (CeoL), c) residual capacity (Cr),
d) specific diffusion capacity (Cp), €) EDL resistance (R), f) diffusion parameter (B), g) time constant (T),

h) specific capacity comparison and i) individual capacity contribution.

After conducting research using the SPECS technique, it was decided to compare the results using the
GITT technique. For this purpose, all previously assembled systems were examined by applying 1 hour
of charging and 1 hour of resting, and the results are presented in Figure 8. The applied current
corresponded to a C/20 rate. Figure 8a shows the GITT results for the half-cell with activated carbon
with and without the addition of thiocyanates. As shown, the system without thiocyanates quickly
reaches the cut-off potential limit of the positive electrode. The system with thiocyanates, however,
exhibits a visible plateau at a potential value of approximately 3.5 V, after which it reaches the maximum
potential significantly later than the system without SCN, which is consistent with the galvanostatic
studies (Figure 3a). Based on the obtained potential dependence over time, the diffusion coefficient of
these systems was calculated and presented in Figure 8b. An increased diffusion was observed in the
initial phase, followed by a plateau. Interestingly, the results do not coincide with those obtained using
the SPECS technique, where the thiocyanate reaction influenced the diffusion parameter value. It should
be noted, however, that the diffusion coefficient (m?2 s-') calculated using GITT is one of the components
of the equation for the diffusion parameter (mA s-') calculated in SPECS. Similar values should not be
expected, but a proportional response should be. It is worth mentioning that the charging time of the
half-cells was significantly longer than anticipated. This occurs due to the self-discharge of the positive

electrode, making the GITT technique not the best for studying systems with activated carbon.

Next, graphite half-cells with and without thiocyanate addition were examined (Figure 8c). In this case,
as shown in Figure 3b, very similar performance of both systems was obtained, with the only difference
being a slightly larger irreversible capacity associated with SEI formation in the SCN cell. The calculated
diffusion coefficient values are characteristic of graphite systems with distinctly marked intercalation
stages. The results of both systems overlap, suggesting similar electrochemical performance. However,
in this case, the diffusion coefficient curve aligns with the results obtained using the SPECS technique

(Figure 5f), where responses related to intercalation stages can also be observed in the same manner.

Subsequently, full hybrid systems with and without SCN salt addition were examined (Figure 8e). As
confirmed by previous studies, the system without thiocyanates did not reach the target potential value
(0.01 V), thus not fully intercalating. The diffusion coefficient value confirms the lack of intercalation
stages, with ion movement occurring only in the initial phase, and later the diffusion coefficient being
close to zero. In the case of the hybrid with SCN, the graphite electrode was correctly intercalated, and
the very low potential changes during electrode resting suggest that the electrode "held" the potential
better than graphite intercalated in the half-cell. This phenomenon is likely due to a more tightly formed
SEI layer due to the reaction occurring at the positive electrode. In the case of the diffusion coefficient,
distinct intercalation stages are visible, but they are shifted, i.e., they occur earlier than in the case of

graphite intercalated in half-cells. Comparing the diffusion coefficient results with those from the SPECS
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technique shows a similarity in the curve's character, and the intercalation stages are also visible.

However, in the case of GITT, the diffusion value between the intercalation stages is practically zero,

while in SPECS, it is increasing. Both techniques provide similar, yet not identical results. This suggests

that to fully understand the system characteristics, multiple techniques should be used, as there is no

single universal solution.
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Figure 8. GITT results of half cells a) with activated carbon, c) with graphite e) graphite in full cells and

b), d), f) calculated diffusion coefficients based on these results.
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Conclusions

This research presents a detailed analysis of the effects of lithium thiocyanate (LISCN) as a redox-active
additive in the electrolyte of lithium-ion capacitors (LICs). The use of SPECS and GITT techniques
provided comprehensive insights into the electrochemical behaviour of the system. The addition of
LiSCN facilitated effective prelithiation, enhancing the capacity and performance of the graphite negative
electrode. SPECS analysis showed distinct intercalation stages and improved ion diffusion in hybrid
systems, while GITT confirmed these findings through characteristic diffusion coefficients. The results
indicate that redox-active electrolytes, specifically those containing LiISCN, significantly enhance LIC
performance by promoting better lithium intercalation and reducing electrode resistance. This study
underscores the potential of redox-active additives in developing high-performance LICs, contributing to
advancements in energy storage technology for automotive, renewable energy, and portable electronics

applications.
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Supplementary information for

Unraveling the effects of redox-active electrolytes on
carbon electrodes of Li-ion capacitor
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Figure S1. Impedance spectroscopy results of charged half-cells with activated carbon and activated
carbon with thiocyanate salt as an electrolyte additive.
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salt as an electrolyte additive a) residual current (Ir) b) fitting error (E) and c) specific EDL capacity (C+).

Adam Mackowiak, PhD Dissertation | 168



One-step assembly of metal-ion capacitors using
redox-active electrolytes

-1
ag’)

o —_— N w S [63] (e)]

L 1 i 1 L L L

@
_I

Specific capacity C; (mAh

o

50

100

Time (h)

150 200 250 300

Figure S3. Total specific capacity calculated using SPECS for half-cells with graphite and graphite
with thiocyanate salt as an electrolyte additive during charging and discharging.

)
S

Residiual current (mA)

)

©o o o o
N W O

.0
150 125 1.00 075 050 0.25 0.00

Potential vs. LilLi* (V)

122

Fitting error (-)
o
o

=
=]

o
®

=}
~

02

0.0
150 125 1.00 0.75 0.50 025 0.00

Potential vs. Li/Li* (V)

c)

=

Specific EDL capacily (mAh

20
18
16
14
1.2
1.0

.0
150 125 1.00 075 0.50 025 0.00

Potential vs. LilLi* (V)

Figure S4. SPECS results of half-cells using graphite and graphite with thiocyanate salt as an electrolyte
additive a) residual current (Ir) b) fitting error (E) and c) specific EDL capacity (C+1).

Q
—

Residiual current (mA)

o o
2

o © o o
N @ & oo

I

p

\
Hyb without SCN [ ¥

0 i
150 125 100 075 050 025 0.00

Potential vs. LilLi* (V)

Fitting error (-)

e
>

1
IS

02

Hyb without SCNC¥ -

0.0+ A
150 125 100 075 050 025 000

Potential vs. LifLi* (V)

c)

Specific EDL capacity (mAh g")

04
03 1
02
0.1

Hyb without SCN

AR
00+ oy
150 125 100 075 050 025 000

Potential vs. LilLi* (V)

Figure S5. SPECS results of full cells using graphite and graphite with thiocyanate salt as an electrolyte
additive a) residual current (Ir) b) fitting error (E) and c) specific EDL capacity (C1).

Adam Mackowiak, PhD Dissertation

| 169



One-step assembly of metal-ion capacitors using
redox-active electrolytes

o
~—
&

(=]
~—

O
~—

‘»08

— 1.0
2 054 lR . E % C1
= L o8 = 08
= 04 5 £
3 03] @08 24
o U o ]
] s ]
35 02 god a
2 w2
2 04 02 o
x 5

0.0 0.0 L o0

150 125 1.00 075 050 0.25 0.00 150 125 100 075 050 025 0.00 o 150 125 100 075 050 025 000
Potential vs. LiLi* (V) Potential vs. LiLi* (V) Potential vs. LifLi* {V)

Figure S6. SPECS results of half-cell and full-cell using graphite with thiocyanate salt as an electrolyte
additive a) residual current (Ir) b) fitting error (E) and c) specific EDL capacity (C1).

Adam Mackowiak, PhD Dissertation | 170



One-step assembly of metal-ion capacitors using
redox-active electrolytes

Chapter V

Redox-active additives to
electrolyte for

metal-ion capacitors

Article 3: Unlocking the potential of acetates as electroactive additives to the

electrolyte for lithium-ion and sodium-ion capacitors

Adam Mackowiak, PhD Dissertation | 171



One-step assembly of metal-ion capacitors using
redox-active electrolytes

Article 3:
Unlocking the potential of acetates as electroactive
additives to the electrolyte for lithium-ion and

sodium-ion capacitors

Authors: Adam Mackowiak, Pawet Jezowski, Krzysztof Fic
Journal: Journal of Power Sources, 2024, 616, 235089
DOI: doi.org/10.1016/].jpowsour.2024.235089

Licence: The content is available under CC BY 4.0

Contribution:  Writing — original draft, visualization, methodology, investigation,

formal analysis, data curation.

. \
) H 3C4{ T P Electrolyte with /
Conventional o e / B
electrolyte ’ 0
4 +
4 H3C‘{ Na
-

e/
Y4 :
= 2
S g
i, —
B i oA -8 T
e S
2N 5
One-step assembly B <
of hybrid capacitor Ei
=z
\_/ %

Adam Mackowiak, PhD Dissertation | 172


https://doi.org/10.1016/j.jpowsour.2024.235089

One-step assembly of metal-ion capacitors using
redox-active electrolytes

Context of the research and summary

The choice of a redox-active salt additive for the one-step pre-insertion
approach of metal-ion capacitors is not straightforward. Such an additive must
meet five criteria. The first criterion is that the salt must have a redox reaction.
Without an oxidation reaction, there won't be additional capacity to balance the
positive and negative electrode capacities. The second criterion is the reaction
potential. This is crucial because even if the salt exhibits a reaction, if it occurs at
a potential exceeding the decomposition potential of the electrolyte or electrode,
it won't be applicable. Ideally, the reaction should occur significantly below the
decomposition potential of the electrolyte, as different applied current densities
can change the reaction potential, so it is wise to allow for a margin. The third
criterion is that the reaction must be irreversible, meaning the oxidation of the
electrolyte should occur. This is important because if the reaction is reversible,
the positive electrode will function more like a battery than a capacitor which is
not a case in this research. The fourth criterion is solubility in the electrolyte. If
the salt is insoluble in the electrolyte, its reaction will either not occur or will occur
to a very limited extent (with low efficiency). The final criterion is critical for the
overall assessment of the cell's performance. Specifically, the theoretical capacity
of the additive should be as high as possible relative to the mass of the salt. Each
addition of salt increases the total mass of the system, as mentioned in
Manuscript 1. Therefore, it is best to add a small amount of salt and achieve the

highest possible capacity.

Meeting all these criteria is challenging but not impossible. Previous studies
utilized thiocyanate salt (412 mAh g1), which proved effective in this approach
and allowed for full intercalation of the graphite electrode and insertion of the hard
carbon electrode. However, the choice of this salt was not random, as literature
data indicated that thiocyanates exhibit redox activity [125], and our research
group knew from experience that they could dissolve in an organic medium. It
remained only to verify whether the reaction would be irreversible and if the

intercalation would be possible.
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After the success of the studies with thiocyanate salt, the search for other
redox-active additives to the electrolyte began. First, an attempt was made to use
lithium carbonate (Li2COz) with a theoretical capacity of 724 mAh g*. The higher
theoretical capacity compared to thiocyanates was promising, as it allowed for
the use of a smaller amount of salt. Additionally, it was believed that during the
reaction, the lithium carbonate salt could oxidize to carbon dioxide, which could
be easily removed using known techniques [211]. Thus, a half-cell of activated
carbon vs. metallic lithium was assembled, and a small amount of lithium
carbonate was added to the conventional electrolyte, then tested by galvanostatic
charging assuming a C/20 current. As seen in Figure 17a, no redox reaction is
observed for this salt. Moreover, with each cycle, the resistance in the system
increases. The lack of reaction is most likely due to the salt not dissolving in the
organic electrolyte, and its oxidation potential is probably higher than 4.5 V vs.
Li/Li*. Therefore, despite its enormous theoretical capacity, lithium carbonate salt

is not suitable for application in the one-step assembly approach.
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Figure 17. Electrochemical analysis of different redox-active additives to
electrolyte a) Li2COs b) Li2S c) LiBr d) LiNOs.
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The next tested additive to the electrolyte was lithium sulfide (Li2S) salt. The
theoretical capacity of lithium sulfide is 1165 mAh g, which makes it almost three
times higher than the capacity of thiocyanate salt. This allowed for a very small
addition of the salt; however, despite this, it did not want to dissolve in the organic
medium. Nevertheless, a half-cell of activated carbon vs. metallic lithium was first
constructed, which showed additional activity at a potential of about 4.5 V vs.
Li/Li*. Then, a full system of activated carbon vs. graphite was assembled where
an attempt was made to use the one-step assembly technique (Figure 17b).
Unfortunately, it turned out that additional capacity was obtained, probably
related to the decomposition of the electrolyte. After testing the system for cyclic
performance, a good capacity in the first cycle was observed, but it dropped

sharply, and after 10 cycles, the system had less than 80% of the initial capacity.

Another salt tested was lithium bromide (LiBr). The capacity of this salt is
308 mAh g; however, it dissolves well in the organic electrolyte with EC:DMC.
This compound was selected due to its known redox activity in aqueous
electrolytes [124], so similar reactions were expected in an organic environment.
Thus, a system of activated carbon vs. metallic lithium was assembled to check
the activity of lithium bromide. Unfortunately, as shown in Figure 17c, the
obtained capacity is significantly higher than the theoretical capacity. This is due
to the corrosiveness of bromine towards metal current collectors, particularly
stainless steel. Changing the collector to nickel or aluminum did not bring
improvement, and protective layers made of conductive adhesives also did not
protect the collectors from corrosion. Reducing the addition of bromides or using
different charging currents also did not bring progress. Therefore, the use of
lithium bromide was abandoned for the one-step assembly approach of metal-ion
capacitors.

Next, lithium nitrate with a theoretical capacity of 388 mAh g, similar to
thiocyanates, was examined (Figure 17d). However, this salt completely did not
dissolve in the organic electrolyte with EC:DMC. Therefore, it was decided to test
the salt in another electrolyte — 1M LiFSI in DEG:DME (1:2, v:v). Lithium nitrate
dissolved fully in this electrolyte, but after assembling the half-cell, a very high

reaction potential close to 4.5 V vs. Li/Li* was observed. For an electrolyte with
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this solvent, this is relatively high, so part of the obtained capacity comes from
the decomposition of the electrolyte. The additional electrolyte decomposition

caused a subsequent drop in the system's capacity.

The last salt tested was lithium acetate (LIOAc), and the results obtained from
the studies on this salt are presented in Article 3. LIOAc has a theoretical
capacity of 406 mAh g. Its organic structure was expected to aid in the solubility
in the EC:DMC electrolyte. Here, similar to the case of lithium carbonate, it was
anticipated that the main oxidation product would be carbon dioxide. Therefore,
tests were conducted in half-cells, activated carbon vs. metallic lithium, starting
with cyclic voltammetry, which confirmed the redox activity of lithium acetate at a
potential of about 3.75 V vs. Li/Li*. This reaction is minimally reversible,
disappearing completely after a few cycles. Then, galvanostatic charge and
discharge tests were performed, confirming that a capacity of 342 mAh g was
obtained in the first cycle. After a few cycles, the redox activity fades, and the
electrode behaves like an electrochemical capacitor. Following the optimistic
results in the half-cell, it was decided to attempt intercalation in a full cell with
graphite vs. activated carbon (using metallic lithium as the reference electrode).
The intercalation of the graphite electrode was successful — achieving a full one-
step assembly approach in a Li-ion capacitor by using a redox-active electrolyte.
The results were compared with tests without acetate additives, confirming that
the presence of LIOAc is crucial for pre-intercalation. The system was then
cycled, and it was noted that it easily withstood 100 charge and discharge cycles
from 2.2 to 3.8 V. Following the success with LIOAc, it was decided to test sodium
acetate. Similarly to lithium, the studies began with a half-cell where galvanostatic
charge and discharge tests and cyclic voltammetry were conducted. In the case
of cyclic voltammetry, the curve was different from lithium — a complete lack of
reaction reversibility and a potential shift to 4.1 V vs. Na/Na*. The observed
differences between the sodium and lithium systems are likely due to the varying
accessibility of OAc™ to the activated carbon pores. The solvation shell radii of Li*
and Na* ions in the organic medium are 4.0 and 5.7 nm, respectively. During the
polarization of the positive electrode, ionic attraction pulls Li or Na ions along with

the anions. Li* ions have a well-defined solvation shell involving only the carbonyl
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oxygens of EC molecules, while Na* ions' solvation shell includes both carbonyl
and ether oxygens. This allows solvated Li ions to more effectively penetrate the
mesopores of the positive electrode, bringing acetate closer to the activated
carbon and facilitating faster reactions. In contrast, the larger solvated Na ions
cannot fully penetrate the mesopores, causing the acetate reaction to primarily
occur on the electrode's outer surface. Nevertheless, a capacity of 307 mAh g
was obtained in the first cycle, allowing for an attempt to intercalate the anode
material — hard carbon. Thus, after assembling the full cell, hard carbon vs.
activated carbon (with sodium metal as the reference electrode), the successful
insertion of sodium ions into the negative electrode was confirmed. The system
also easily withstood 100 charge and discharge cycles. Finally, the specific
energy and power values were determined for the Li-ion capacitor (104 Wh kg
and 368 W kgt) and Na-ion capacitor (89 Wh kg* and 22 W kg). In the next
section of Article 3, the gases released during pre-insertion in both Li-ion and
Na-ion capacitors with redox electrolyte were examined using gas
chromatography with mass spectrometry. During the operation of the sodium
hybrid, a significant increase in mass 44, indicating carbon dioxide, was observed
as previously assumed. However, during the operation of the lithium hybrid, no
increase in mass 44 was observed, suggesting a different pathway of the
oxidation reaction. These studies confirm the different curves from cyclic
voltammetry. This proves that the cation itself has a significant impact on the
course of the reaction and the charge storage process.
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HIGHLIGHTS

 Acetate anion demonstrates redox activity in aprotic medium.
« Redox-active electrolyte allows for facilitated assembly of hybrid capacitor.
© One-step pre-insertion is possible for various anode materials and metal ions.

ARTICLE INFO ABSTRACT
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Metal-ion capacitor

Among energy storage systems, lithium-ion and sodium-ion capacitors have recently gained increasing attention.
However, the pre-metalation stage remains a challenge in constructing and further developing these capacitors
for industrial application. In this article, we report on the system with acetate salts added to the electrolyte
solution to facilitate the assembly of metal-ion capacitors in a one-step process. At a specific concentration,
acetate anions underwent chemical reactions, providing the charge to balance the system and enabling the
negative electrode to undergo complete insertion. Two- and three-electrode studies demonstrated the perfor-
mance of the full cell as well as of each electrode. The lithium-ion and sodium-ion capacitors achieved energy
values of 104 Wh kg~! and 89 Wh kg ™! at power densities of 368 W kg~ and 22 W kg~!, respectively. The
reported systems surpassed 100 cycles of charging and discharging. Moreover, operando gas chromatography
with mass spectrometry was employed to identify the gases generated during the acetate reaction, and no toxic
gases were identified. It has also been demonstrated that the hybrid cell response depends on the reaction origin
(within the pores of activated carbon or on the external electrode surface). However, the acetate anions effec-
tively serve as electrolyte additives, enabling the one-step assembly of metal-ion capacitors.

1. Introduction

Hybrid energy storage systems (HES) represent a rising and evolving
category of energy storage devices that combine the inherent advantages
of electrochemical double-layer capacitors (EDLCs) and lithium-ion
batteries (LIBs) [1-5]. HES utilize the advantages of EDLCs, such as
high power densities and extended cyclability, and also provide sub-
stantial energy density, which is characteristic of LIBs [2,6].

Graphite (with a theoretical capacity of 372 mAh g~') is commonly
employed as the negative electrode in lithium-ion capacitors [7]. In
contrast, in sodium-ion systems, graphite is substituted with hard carbon
(~320 mAh g~ 1) because sodium cannot intercalate into pure graphite
[8,9]. Due to the concerns about lithium accessibility, recent research

* Corresponding author.
E-mail address: krzysztof.fic@put.poznan.pl (K. Fic).

https://doi.org/10.1016/j.jpowsour.2024.235089

has shifted towards sodium as a more cost-effective alternative resource
despite its lower energy density. Consequently, there is an increasing
number of papers reporting on sodium-ion capacitors [10-12]. How-
ever, a crucial pre-metalation stage is still needed, regardless of whether
the capacitor is a lithium or sodium-ion capacitor [10,13]. During this
stage, lithium/sodium ions are inserted into the structure of the negative
electrode, enabling the maintenance of the electrode at very low po-
tential (close to 0 V vs. Li/Li* or Na/Na™"); thus, metal plating on the
surface of the electrode is prevented [14,15].

Various approaches are used to perform the pre-metalation stage,
and one widely employed approach involves the use of an auxiliary
metallic electrode [16]. This method exploits initial assembling a
half-cell with a metallic electrode, charging it to the potential close to
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10 mV vs. Li/Li* or Na/Na*, disassembling the cell, and subsequently
reassembling it with another positive electrode, which is usually
composed of activated carbon. This method has been modified over the
years, and contemporary practices involve assembling a full cell with a
minor addition of lithium particles, which dissolve during the initial
cycle and facilitates the pre-metalation of the electrode [17]. Nonethe-
less, this method remains costly and carries a high risk of short-circuits
due to metal dendrites, which can form easily. An alternative method
involves a composite (most often positive) electrode, which combines
activated carbon with a sacrificial salt [18,19]. During the initial
charging, the sacrificial salt releases lithium or sodium ions into the
electrolyte, allowing the negative electrode to undergo pre-metalation.
Nevertheless, metal oxides often remain within the system, consti-
tuting a dead mass that can deteriorate cell performance [20].In 2012, a
new approach was introduced in which the negative electrode was
intercalated directly from a concentrated electrolyte (2 mol L! lithium
bis(trifluoromethane)sulfonimide (LiTFSI) in 1:1 ethylene carbonate:
dimethyl carbonate (EC:DMC)) [21]. However, this method induces a
decrease in the electrolyte conductivity, which affects the overall cell
performance, and many challenges must be overcome to reach the 1st
stage of intercalation. Therefore, selecting the appropriate electrolyte
concentration is crucial for the intercalation process [22]. In a recent
study, researchers modified previous approaches by incorporating a
redox-active electrolyte, facilitating complete intercalation without
compromising electrolyte conductivity [9]. The abovementioned
approach holds considerable potential for further exploration, as the
thiocyanate salt used in the study can be changed to another electro-
active specimen.

Most recent research has imposed specific imperatives for all mate-
rials, electrolytes, and additives to prioritize environmental compati-
bility [23,24]. Acetate salts are derived from renewable sources and can
be biodegradable under the right conditions [25-27]. While acetate salts
have been well-characterized in aqueous electrolytes [28-30], their
utilization in the organic medium is limited due to their moderate sol-
ubility. However, only small quantities of these salts are needed in the
pre-metalation approach involving redox-active electrolytes; thus, the
additives are less prone to inducing toxic reactions and tend to undergo
oxidation to carbon dioxide [9,31]. These unique characteristics
envisage acetate salts as highly viable candidates for the pre-metalation
method.

This article describes the exploitation of organic salt, i.e., lithium
acetate (LiOAc) and sodium acetate (NaOAc) as electrolyte additives, to
facilitate a one-step pre-metalation process (Fig. 1).

The underlying hypothesis assumed that the acetate redox reaction
occurs during the initial charging cycle, affecting the capacitance of the
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positive electrode and its potential slope while simultaneously enabling
the insertion of metal ions into the negative electrode. The acetate re-
action plays a crucial role on the positive electrode by compensating the
insertion charge on the negative electrode, thereby allowing complete
intercalation. Notably, as acetate anion should decompose to COs, the
gas generated is non-toxic and can be readily eliminated [32].

2. Results and discussion
2.1. Acetate activity in the electrolyte

The main aim of this research was to perform pre-metalation of
negative electrode in one step using an electrolyte with lithium or so-
dium salt with acetate anions. The acetate salt was expected to react on
the positive electrode at potential values lower than the electrolyte
decomposition, providing the charge to compensate the insertion pro-
cess on the negative electrode. Additionally, the salt dissociation re-
leases Li" or Na® cations, which are necessary for maintaining the
electrolyte conductivity and the balance of the Li" or Na* concentration
in the electrolyte. The acetate reaction was expected to generate a
gaseous byproduct that could be removed using known cell production
methods [32].

To confirm these assumptions, half-cell measurements were per-
formed. The systems were assembled with one electrode composed of
metallic lithium and another composed of activated carbon. Both elec-
trodes were separated with a glass fibre membrane soaked with 1 M
LiPFs, which was dissolved in a mixture of ethylene carbonate (EC) and
dimethyl carbonate electrolyte (DMC) with the addition of CH3COOLIi
(LiOAc). The quantity of salt was calculated based on the Faradaic law
and adjusted to the theoretical capacity of graphite (see Supporting In-
formation file). This half-cell study aimed to demonstrate that LiOAc
reacts at potential values lower than the electrolyte decomposition po-
tential. As depicted in Fig. 2a, cyclic voltammetry was conducted at
0.04 mV s, corresponding to a C/20 current rate (C — 372 mA g~ 1).

The results revealed that the [OAc] reaction started at approxi-
mately 3.75 V vs. Li/Li". Moreover, the [OAc] reaction shows a
diminishing charge with each cycle, with limited reversibility observed.
Thus, the observed behaviour of LiOAc suggests its applicability in
electrolyte-guided intercalation methods. Subsequently, a new system
was assembled in the same configuration, and galvanostatic charge/
discharge tests with C/20 were conducted (Fig. 2b). Similar reactions
were observed in the first cycle, resulting in a positive electrode charge
of 342 mAh g 1. Naturally, the presented value was estimated based on
the plateau observed on the galvanostatic curve. Notably, the assumed
capacity includes the charge accumulated by double-layer charging, and
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Fig. 1. Schematic representation of the assembly of hybrid metal-ion capacitors with an electrolyte containing acetate salt.

2

Adam Mackowiak, PhD Dissertation

| 180



One-step assembly of metal-ion capacitors using
redox-active electrolytes

A. Mackowiak et al.

a) LiOAc 0.04mvVs™

120

Decreasing acetate activity

o
o
L

Current density, mA g
B
o

04
407 Minor reversible activity
20 25 3.0 3.5 4.0 4.5
Potential vs. Li/Li*, V
120
c) NaOAc 0.04mv s’
100 4
® 80 Decreasing acetate activity
£
- 60+
2
2
o 40
©
E 204
3
(8] 0
-20 4 No rcvcrsibl/c/ activity
T T T T T
20 25 3.0 35 4.0 4.5

Potential vs. Na/Na*, V

Journal of Power Sources 616 (2024) 235089

5.0

(=2
~

Ci20

LiOAc
4.5

4.0

351 Decreasing acetate activity

4

3.04

Potential vs. Li/Li*, V
342 mAh g’

2.5

2.0

Time, h

[

Decreasing acetate activity

L

0 20 40 60 80
Time. h

5.0

Q.
~—

NaOAc Ci20

4.5

>
=)
I

3.5

3.04

Potential vs. Na/Na*, V
307 mAh g’

2.5
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tammetry with a scan rate of 0.04 mV s ! and b), d) galvanostatic charge/discharge with potential limitation and a current density equal to C/20.

the following cycles revealed diminishing acetate activity, indicating
that the reaction was incomplete.

Later, a system with metallic sodium was assembled, and the elec-
trolyte was switched to 1 mol L' NaClO; dissolved in a mixture of EC
and propylene carbonate (PC) electrolyte with a calculated addition of
NaOAc (Fig. 2¢). Here, a completely irreversible reaction was observed
in contrast to that of the lithium-based cell. The oxidation potential was
shifted towards a higher value, commencing at 4.1 V vs. Na/Na'.
Compared to the lithium half-cell, the Na-based system underwent
galvanostatic charging at a current rate of C/20 (Fig. 2d). In this context,
C corresponds to the theoretical capacity of hard carbon material, spe-
cifically 320 mAh g ! [9]. The observed differences between the sodium
and lithium systems most likely resulted from the different accessibility
of [OAc] to the activated carbon pores. The solvation shell radii of Li"
and Na" ions in the organic medium are 4.0 and 5.7 nm, respectively.
During the polarization of the positive electrode, the ionic attraction
between electrolyte molecules causes Li or Na ions to be attracted along
with the anions. The well-defined first solvation shell of Li* involves
only carbonyl oxygens of EC molecules, whereas those of Na* consist of
carbonyl and ether oxygens [33,34]. Therefore, solvated Li ions can
more effectively penetrate the mesopores of the positive electrode,
moving [OAc] closer to the activated carbon and facilitating quicker
reactions. Conversely, the solvated Na™ cations were too large to
penetrate the mesopores fully, and the [OAc]” reaction mainly occurred
on the outer surface of the electrode. Notably, the potential of NaOAc
oxidation might be too high and overlap with the electrolyte decom-
position potential, suggesting that the carbon electrode should be
further optimized to enhance Na ion accessibility. Nevertheless, both

LiOAc and NaOAc meet the requirements for potential inter-
calation/insertion from the electrolyte in metal-ion capacitors at the
proof-of-concept stage.

2.2. Metal-ion capacitors assembled in one step

After the potential of the [OAc] reaction was established, the next
objective was to determine whether this reaction facilitated the inter-
calation or insertion of cations into the structure of the negative elec-
trode. For this purpose, a full cell comprising a negative electrode
(graphite) and a positive electrode (activated carbon) was assembled
using the electrolyte with lithium acetate, and the cell was charged with
a C/20 current (Fig. 3a).

The potential slope of the positive electrode was modified by the
LiOAc activity, facilitating the complete intercalation of the negative
electrode. Another system lacking [OAc]” ions was prepared for
comparative analysis. In this scenario, the absence of a plateau region in
the positive electrode response caused the potential cut-off limit to be
reached quickly, impeding the intercalation process of the negative
electrode. Subsequently, the charged cell underwent cycling (Fig. 3b),
achieving a reasonable initial capacitance of 26 F g~'. Remarkably, the
initial capacitance of the system was notably efficient (exceeding 80 %)
even after 100 cycles. Nonetheless, a marginal degradation of the
negative electrode was observed.

The experiment was subsequently replicated for the sodium-ion
capacitor. When Na-based systems are assembled, graphite is
substituted with hard carbon because sodium cannot intercalate effec-
tively into pure graphite [8]. Researchers generally believe this inability
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stems from the mismatch in size between sodium and the interlayer
spacings of graphite. Still, the primary factor involves alterations in the
chemical bonding between the alkali metal ions and carbon atoms [35,
36]. Sodium-ion capacitors feature a distinct mechanism of SEI forma-
tion involving the insertion of sodium ions into the structure of hard
carbon [37]. Nonetheless, the approach outlined in this study was suc-
cessful, and complete sodium ion insertion into the hard carbon struc-
ture was achieved (Fig. 3¢). However, full insertion was not achieved in
a system without [OAc]” because the cut-off limit of the positive elec-
trode was reached. The first and 100th cycles of the system are depicted
in Fig. 3d, demonstrating that the system can provide a satisfactory
capacitance of 67 F g~ ! at a low current regime.

The initial charging was conducted up to 4.5 V vs. Li/Li* or vs. Na/
Na', which is a relatively high potential. However, the subsequent
positive electrode performance was limited to 3.8 V vs. Li/Li* or vs. Na/
Na', and [OAc]” remained in the system as a dead mass due to an
incomplete reaction. Therefore, the system can be enhanced by opti-
mizing the salt additive, the size and porosity of the positive electrode or
the applied current regime. Nevertheless, the provided systems work
efficiently, achieving energy values of 104 Wh kg ' and 89 Wh kg ! at
power densities of 368 W kg~ and 22 W kg ! for the lithium-ion and
sodium-ion capacitors, respectively. The literature indicates that energy
densities for Li-ion capacitors generally fall between 10 and 100 Wh
kg !, with power densities ranging from 10 to 5000 W kg ! [38,39]. For
Na-ion capacitors, literature values suggest energy densities of 10-80
Wh kg ! and power densities from 10 to 12,000 W kg~! [40].

The stability of the metal-ion capacitor is a crucial parameter, indi-
cating how the capacitor maintains its performance over time.

According to literature, the stability of metal-ion capacitors can vary,
depending on the specific materials and electrolytes used. For example,
typical Li-ion capacitors using different electrolytes show stability
ranging from 5000 to 50,000 cycles [41,42]. Na-ion capacitors often
show stability between 500 and 30,000 cycles [40,43]. In the case of
acetate-containing systems, the cyclability is not that high, reaching
slightly more than 400 cycles for Li-based systems. Nevertheless, further
investigations and optimizations could enhance the stability of these
devices, potentially leading to better performance in practical
applications.

2.3. Operando GC-MS investigation

In the subsequent step, various aspects were investigated, such as
gases produced during cell polarization and whether [OAc]™ anion
converts to COy, as previously hypothesized. For this purpose, full
lithium-ion and sodium-ion capacitors were investigated using operando
gas chromatography with mass spectrometry (GC-MS). During the initial
charging cycle of the lithium-ion capacitor, the first signal observed
corresponds to m/z = 26; these results were indicative of acetylene or
ethylene, suggesting that the SEI layer is formed (Fig. 4a) [44].
Throughout the subsequent process, there was no significant increase in
any of the gases, indicating that the initial reaction product must be
soluble in a transitional form in the electrolyte. Interestingly, there was
no significant increase in CO, (m/z = 44), and a decrease in CO, was
observed at a later stage. Simultaneously, as the CO, signal decreased,
the signals from fragmentary ions with masses of 42 (C3Hg, C2H20), 47
(CH303) and 73 (C3Hs02) increased. Therefore, the [OAc]™ ion might
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Fig. 4. Comparison of significant masses released during operando GC-MS of hybrid capacitors assembled using a one-step approach: a) lithium-ion capacitor and b)

sodium-ion capacitor.

initially trigger oxidation to carbon dioxide, while CO; is immediately
electrochemically reduced to numerous organic compounds. The elec-
trochemical reduction of CO, is well known in aqueous electrolytes, in
which CO, forms CO, HCOOH, HCHO, CH30H or CH4 [45]. However,
the electrochemical reduction product in an organic medium depends on
the electrolyte used in the reaction. With this mixture of organic com-
pounds in the electrolyte, the product of its reduction may be methane,
ethylene, ethanol, formic acid and other higher hydrocarbons or oxy-
genates [46]. Nevertheless, the obtained compounds were believed to be
soluble in the organic electrolyte, suggesting that the compounds will
not significantly affect the further electrochemical operation of the
system. This experiment demonstrates that the reaction differs from the
typical acetate oxidation to CO2. The various fragmentary ions obtained
from the measurements indicate that the organic substituent exerts a
considerable influence; therefore, the system should be further investi-
gated to identify the main products of the reaction.

Next, a sodium-ion capacitor with an acetate-containing electrolyte
was investigated (Fig. 4b). Here, no significant GC-MS signal for SEI
formation was detected because a negative electrode composed of hard
carbon was utilized [9]. Interestingly, in this case, a relevant increase in
CO, was observed. Halogens were detected because different salts were
used in the electrolyte. Fragmentary ions with masses of 50 (CH3Cl), 67
(Cl0Oy), and 87 (C4H4Cl) were generated from reactions associated with
the decomposition of the electrolyte, i.e., the NaClO4 salt with the sol-
vents (PC and EC). Additionally, one of the characteristic masses was 73
(C3Hs05), which is common for both lithium-ion and sodium-ion ca-
pacitors. Based on the increase in signal from mass 73, the mass resulted
from a reaction between the solvents and carbonate salt. Despite all the
masses, the rise in CO, was the primary reaction that occurred in the
system; in contrast, COz reduction most likely happened in the
lithium-ion system. Therefore, a completely different chemical reaction
can occur when the reaction occurs inside the pores and when the re-
action occurs only on the external surface of the electrode. Moreover,
the type of electrolyte used might affect the reactions; however, gas
derivatives of fluorine or phosphorus were not observed in the lithium
system, so the location of the reaction might play a crucial role.

Additionally, the electrochemical stability of the electrolytes was
evaluated, as illustrated in Fig. S1. The lithium acetate salt presence did
not impact electrolyte stability notably. This implies that the porous
carbon electrode, with its large specific surface area, may play a sig-
nificant role in determining the type and kinetics of acetate reactions
during the charging process of the full hybrid system. Conversely, in the
sodium electrolyte, the presence of acetate salt was found to reduce
electrolyte stability. These stability studies support the findings from the
operando GC-MS study, highlighting different reactions for lithium ac-
etate and sodium acetate. Specifically, sodium acetate undergoes

electrochemical decomposition due to potential differences, while the
decomposition of lithium acetate is primarily influenced by the positive
electrode, resulting in a distinct reaction mechanism.

3. Conclusions

The present research demonstrated the electrochemical activity of
LiOAc and NaOAc, which can be successfully implemented in the pre-
metalation of lithium-ion and sodium-ion capacitors. A difference in
activity potentials between the two systems was observed due to the
difference in the sizes of solvated lithium acetate and sodium acetate
molecules and their influence on the penetration of pores in the positive
electrode. The electrolyte also affects the reactions, as confirmed by
operando GC-MS analysis. Significant CO, emission was only observed
for sodium acetate. With lithium-ion cells, the acetate reaction differs
but remains irreversible and can be used for one-step intercalation. The
electrochemical activity of the acetates was most likely molecular
oxidation, and the charge obtained from this reaction fully enabled
intercalation/insertion of the negative electrode. The results confirmed
that [OAc]™ can be used for the one-step assembly of hybrid metal-ion
capacitors. The one-step assembly system can provide several advan-
tages, such as decreased production costs, accelerated cell assembly, and
the lack of metallic electrode, the use of which may be dangerous. Based
on these advantages, this method shows enormous potential, and using
acetates as electroactive additives to electrolytes is an example of this
approach.

4, Experimental

Electrolyte. Salts: lithium hexafluorophosphate (LiPFg), sodium
perchlorate (NaClOy), lithium acetate dihydrate (LiOAc e 2H0) and
sodium acetate trihydrate (NaOAc e 3H,0) were purchased from
Sigma-Aldrich (Merck). Before use, all salts were dried under vacuum at
120 °C for one week to remove water contamination. Lithium acetate
dihydrate and sodium acetate trihydrate salts were predried at 100 °C
utilizing a liquid nitrogen cold trap to eliminate excess water. The
anhydrous solvents propylene carbonate (PC), ethylene carbonate (EC)
and dimethyl carbonate (DMC) were obtained from Merck. The lithium
cell electrolyte was a 1:1 volumetric ratio of 1 M solution of LiPFg in a
mixture of EC and DMC (13.45 mS cm ™, 4.11 mPa s) combined with the
addition of a calculated quantity of LiOAc salt (12.68 mS cm ™!, 4.54
mPa s). For sodium investigations, the prepared electrolyte was a 1-M
solution of NaClO4 in EC and PC mixed in a 1:1 volumetric ratio (8.7
mS cm ™!, 6.88 mPa s) with the addition of a calculated quantity of
NaOAc salt (8.4 mS cm ™, 6.95 mPa s). Detailed conductivity and vis-
cosity results are presented in Fig. S2. The mass of acetate salts added to
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each electrolyte was determined based on the mass of each negative
electrode and its theoretical capacity. Subsequently, 650 pL of the pre-
pared electrolyte was added to soak the separators during the electro-
chemical cell assembly. All reagents were stored in an MBraun glovebox
under inert environmental conditions. The conductivity measurements
were performed at 25 °C using a 2-electrode Swagelok system with a
spacer, and the impedance spectroscopy method was used to calculate
the conductivity from the resistance. Viscosity measurements were
made by a plate-cone rheometer (Brookfield - model DV2T).

Electrode material. The negative electrode of the hybrid Li-ion
capacitor was made of copper foil covered with artificial graphite
(total thickness = 100 pm) and was provided by Customcells®. The
negative electrode of the hybrid Na-ion capacitor was a laboratory-
prepared electrode made of copper foil coated with a mixture of hard
carbon (Carbotron P, Kureha), polyvinylidene fluoride (PVDF) and
carbon black (total thickness = 93 pm). The positive electrode of all
metal-ion capacitors was a self-standing electrode made of Kuraray
YP8OF (80 %), polytetrafluoroethylene (PTFE) (10 %) and carbon black
C65 (10 %) (total thickness = 114 pm). The surface area of the positive
electrode was 1558 m? g ! [47]. The microtextural characteristics of the
positive electrode were determined by using the Brunauer-Emmett—
Teller (BET) isotherm method (77 K) with N; as an adsorbate (ASAP
2460, Micromeritics, USA). Before the adsorption/desorption steps, the
samples were flushed at 350 °C for 12 h under continuous helium flow
and further degassed at 25 °C for 5 h (vacuum). The reference electrodes
were made from metallic lithium (Merck) and metallic sodium (Alfa
Aesar).

Cell assembly. Round electrodes (diameter = 16 mm, surface area
= 2 em?) were cut from the positive and negative electrode materials
using EL-Cut, a tool provided by EL-CELL®. The active mass ratio of the
electrodes was maintained at approximately 1:1. The electrolyte was
freshly prepared before each cell was assembled. The positive and
negative electrodes were then positioned in the ECC-REF electro-
chemical cell (supplied by EL-CELL®) and separated by two glass fibre
discs (diameter = 18 mm, GF/D, Whatman®) saturated with 650 pL of
electrolyte. The reference electrode was introduced into the reference
pinhole using an ECC loader (provided by EL-CELL®). For half-cell
measurements, the counter and reference electrodes, represented by
metallic lithium and metallic sodium, were shaped as discs with a
diameter of 16 mm. All cell assembly procedures were conducted within
a glovebox (MBraun) to maintain minimal water and oxygen levels,
ensuring concentrations below 0.1 ppm.

Electrochemical investigation. Electrochemical measurements
were performed using the ECC-Ref and PAT-Cell-Gas systems provided
by EL-CELL®. Cyclic voltammetry and galvanostatic cycling with po-
tential limitations were conducted through a multichannel galvanostat/
potentiostat (VMP-3 BioLogic®) at room temperature (21 °C). An EVOQ
GC-TQ™ MS instrument (Bruker®) connected to the PAT-Cell-Gas sys-
tem from EL-CELL® was used for gas chromatography with mass spec-
trometry (GC-MS) analysis. The electrochemical cell was placed within a
thermostatic chamber at a temperature of 25 °C. The specific tempera-
ture settings for the GC-MS analysis included an injector temperature of
200 °C, a column temperature of 175 °C, and a mass spectrometer
temperature of 220 °C. The electrochemical stability tests were per-
formed in volume cells in a three-electrode configuration, where the
working electrode was glassy carbon, the counter electrode was plat-
inum, and the reference electrode was metallic lithium or metallic so-
dium. The stability studies employed the linear sweep voltammetry
(LSV) technique with a scan rate of 0.04 mV s ..
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Figure S1. Stability of electrolytes with and without redox-active additive for a) Li-ion capacitor and
b) Na-ion capacitor.
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Figure S2. Viscosity and conductivity measurements of conventional electrolytes, conventional
electrolytes with acetate additives and solvents (EC:DMC and EC:PC) with neat acetate salts.

Adam Mackowiak, PhD Dissertation

| 187



One-step assembly of metal-ion capacitors using
redox-active electrolytes

Unlocking the potential of acetates as electroactive additives to electrolytes for lithium-ion and
sodium-ion capacitors

Acetate addition calculation:

The theoretical capacity of the LiOAc and NaOAc salts were calculated using Faraday’s equation
(Equation S1):

Mt

Fz

where,

m = mass of the substance, g

M = molar mass of the substance, g mol™

| = applied current, A

t=time, s

F = Faraday’s constant, C mol

z = number of electrons used in single reaction, -

The molar mass of lithium acetate is 65.98 g mol™. By substituting this value into the equation and
converting the units, a capacity of approximately 406 mAh g' can be obtained. Given the well-known
exact active mass of graphite and its theoretical capacity (372 mAh g™'), the required amount of LiOAc
to balance the positive electrode can be calculated. The capacity of activated carbon (<50 mAh g™} is

neglected here.

Similar calculations were performed for a sodium-ion capacitor, but the molar mass of sodium acetate
was 82.03 mAh g, and the theoretical capacity of hard carbon was 320 mAh g™'.
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Summary and conclusions

Five works were prepared from the conducted research for the doctoral
dissertation: three published scientific articles and two manuscripts submitted to
scientific journals. Article 1 focused on confirming the main research hypothesis
that it is possible to fully intercalate the negative electrode in metal-ion capacitors
using a redox-active electrolyte. The novel approach for the pre-insertion of
metal-ion capacitors, specifically Li-ion, Na-ion, and K-ion capacitors, was
developed using thiocyanate salts. Thiocyanate salts, through an irreversible
oxidation reaction at the positive electrode, inhibit the increase of the positive
electrode potential, thereby enabling the insertion of metal cations into the
structure of the negative electrode. The one-step assembly approach of metal-
ion capacitors allows for effective pre-insertion, which, compared to currently
known methods, offers benefits by reducing the time and costs associated with
assembling metal-ion capacitors. Furthermore, it has been proven that using this
technique results in better specific energy values than other techniques, bringing

metal-ion capacitors closer to the currently popular lithium-ion batteries.

In Manuscript 1, it was demonstrated that the one-step assembly approach
for Li-ion capacitors has the potential for commercial application due to achieving
better energy values than currently produced commercial hybrid capacitors.
Additionally, Manuscript 1 attempted to explain the oxidation reaction of
thiocyanates. It was proven that SCN ions first oxidize to the unstable compound
CS, which then transforms into CSz, COS, or SO compounds, but ultimately SCN
is mainly converted into thiirane and lithium cyanate. More importantly, it was

demonstrated that toxic hydrogen cyanide is not produced during operation.

In Chapter IV of the dissertation, Article 2 demonstrated that the SPECS
technique, previously used mainly in electrochemical capacitors, is also
applicable to systems with a battery negative electrode. Thanks to the SPECS
measurements, it was shown that electrolyte concentration plays a key role in the
intercalation process. The obtained research results were confirmed using the
GITT technique, which, when combined with the SPECS, provides a

complementary description of the operation of energy storage systems. In
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Manuscript 2, by using SPECS, it was verified that the SCN anion not only
impacts the formation of the SEI layer but also enhances the intercalation process
by aiding in lithium ion distribution and lowering system resistance. Additionally,
it is crucial to consider that the reaction at the positive electrode affects the
performance of the negative electrode, emphasizing the need to study complete
cells. Although the capacity is largely dominated by the intercalation process,
around 10% is attributed to EDL layer formation, which researchers often

overlook.

In Chapter V of the dissertation, the difficulty of finding the right redox-active
salt for the one-step pre-insertion approach for metal-ion capacitors is described.
Examples of several salts are presented, along with reasons why their application
is either impossible or simply not cost-effective. However, in Article 3, an acetate
salt is presented as an alternative to thiocyanate salts. It is proven that they can
be effectively used in the one-step assembly approach for Li-ion and Na-ion
capacitors. Additionally, it is shown how significantly the type of cation affects the
performance of the metal-ion capacitor. A difference in activity potentials between
the two systems was observed due to the difference in the sizes of solvated
lithium acetate and sodium acetate molecules and their influence on the
penetration of pores in the positive electrode. The electrolyte also affects the
reactions, as confirmed by operando GC-MS analysis where the CO2 emission

was only observed for sodium-ion capacitors.

Key findings of this dissertation include:

o Possible pre-insertion of the negative electrode using a redox-active

electrolyte with thiocyanate salt

e Successful application of the redox-active electrolyte pre-insertion

technigue in Li-ion, Na-ion, and K-ion capacitors

o One-step pre-insertion technique results in better energy values than other

techniques known in literature

o Capacitors intercalated using redox-active electrolyte achieve better

specific energy values than commercially used LICs
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SPECS technique can be used to describe the storage of electric charge

in systems with a battery negative electrode

Electrolyte concentration has a significant impact on the intercalation

process

The presence of redox-active electrolyte causes better diffusion of lithium

ions, which positively affects the intercalation process

Acetate salts can also be used in the one-step assembly approach of

metal-ion capacitors using redox-active electrolyte

The type of cation has a significant impact on the mechanism of electric

charge storage in metal-ion capacitors.
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8. Articles not included in the dissertation

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: https://doi.org/10.3389/fenrg.2020.00139

Abstract

This article provides a summary of recent advancements in electrode
materials with 3D structures for use in electrochemical capacitors (ECs). It
categorizes these structures based on their production methods into template
and non-template strategies, highlighting the pros and cons of each approach.
The focus is particularly on carbon materials due to their ability to form
hierarchical porous channels, as well as their high conductivity and mechanical
stability. Numerous literature examples are provided for various solutions. The
article concludes by discussing future challenges for these materials.
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Title: Deep eutectic solvents for high-temperature electrochemical
capacitors

Authors: Adam Macékowiak, Przemystaw Galek, Krzysztof Fic

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

DOI: https://doi.org/10.1002/celc.202100711

Abstract

In this article, the authors introduce the concept of an electrochemical
capacitor that operates under high-temperature conditions (100°C). The
proposed solution involves an electrolyte composed of a deep eutectic mixture of
lithium nitrate and acetamide. To characterize this mixture, techniques such as
infrared and Raman spectroscopy, differential scanning calorimetry, and gas
chromatography with mass spectrometry were employed. The electrochemical
analysis covers system aging verification, self-discharge monitoring, leakage
current measurement, and fundamental research to determine specific
capacitance and maximum voltage. Additionally, the study includes a thorough
examination of adding lithium nitrate salt and an organic solvent to the system,

as well as replacing lithium ions with sodium or potassium.
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Title: Redox materials for electrochemical capacitors

Authors: Chiku M., Abdollahifar M., Brousse T., Chen G. Z., Crosnier O., Dunn
B., FicK., Hu C. C., Jezowski P., Maé¢kowiak A., Naoi K., Ogihara N.,
Okita N., Okubo M., Sugimoto W., Wu N. Li.

Journal:  Electrochemistry, 2024, vol. 92, 074002

DOI: https://doi.org/10.5796/electrochemistry.24-70054

Abstract

Electrochemical capacitors are renowned for their high-power density and
durability, with various redox reactions being explored to enhance their energy
density. Recently, a wide range of redox materials, beyond the traditionally
studied transition metal oxides, have been investigated for use in these
capacitors. This review provides an in-depth examination of redox materials used
in electrochemical capacitors. It begins with an analysis of manganese oxides
and ruthenium oxides, common metal oxides known for their pseudocapacitance.
The review also covers nickel oxides used in hybrid capacitors and highlights
various 0D and 2D nanomaterials. Additionally, it discusses pseudocapacitance
involving nanosized complex materials and metal-organic frameworks.
Electrolyte systems with redox characteristics for electrochemical capacitors are

also reviewed.
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