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This doctoral thesis is devoted to elucidation of processes taking place at the
electrode/electrolyte interface in electrochemical capacitors (ECs) with an emphasis on
both aqueous and organic media, as well as in Li-ion capacitors (LICs). To improve the
performance of the devices mentioned, it is crucial to understand and properly describe
their mechanism of charge storage. For this, the use of advanced techniques and new
approaches should be proposed concerning fundamental research. In the context of
developing more stable and durable energy storage systems with longer lifespans,
especially for industrial applications, elaboration of the specific causes of accelerated

degradation of the carbon electrodes was also investigated.

This work was therefore divided into four thematic sections: The first section (Chapter
I) entails general preface to the energy market, followed by introduction to energy
storage devices, with a strong focus on electrochemical capacitors and lithium-ion
capacitors: their principle of operation, construction and commonly used materials and
electrolytes. The chapter follows up with a current literature review on fundamental
studies and ageing studies in electrochemical capacitors, closing on a subsection where

electrochemical techniques used throughout the work are discussed.

Chapter Il - opens the second section of the thesis, with a summary of papers P1 and P2
that deal with investigation of molecular level charging mechanisms in electrochemical
capacitors based on activated carbon (AC) paired with aqueous electrolytes. This
fundamental research deals with various aspects: the first is based on operando
monitoring of pH value changes during the charging and discharging of an
electrochemical capacitor in an agueous neutral salt solution. The change of pH values
at the vicinity of the capacitor electrode was found to be dynamic: strongly potential-

dependent and different for individual electrodes.

The other work establishes ionic fluxes in AC materials paired with various electrolyte
compositions and concentrations using electrochemical quartz crystal microbalance
(EQCM), as well as new approaches towards more efficient applications. The point of
zero charge (PZC) meaning for the charging mechanism description was also
demonstrated, using various electrochemical techniques, with an improved method for
its determination based on step potential electrochemical spectroscopy (SPECS). Also, a

concept of range of zero charge (RZC) for AC operating in aqueous electrolytes was

Sylwia Slesiriska 5



Research on the electrode charging and carbon degradation in electrochemical capacitors

introduced for the first time, which implies that PZC should not be considered as an

absolute one-point potential value.

The third section (Chapter lll) is dedicated to the ageing mechanisms of AC electrodes in
organic media, for both ECs and LICs - most commonly used devices for industrial
applications. Contributing factors based on increasing voltage and the role of oxygen
functionalities on ageing of the systems were determined. It presents a summary based
on paper P3andarticle Al. Inbothworks, electrochemical techniques were coupled with
physicochemical analyses. The former focuses on ageing mechanisms of the AC
electrode and determines both the structural and chemical changes leading to energy
fading in LICs. The use of half-cell configuration allowed to isolate the fundamental
processes occurring at a single electrode only, without the complexities introduced by a
full cell. The most important finding evidenced that an increase in applied voltage not

only results in in faster system degradation but governs the ageing chemistry.

Article Al focuses on the assessment of EC performance at high voltage in industrial
electrolyte, 1 mol L1 TEABFs (tetraethylammonium tetrafluoroborate) in AN
(acetonitrile). Specifically, a role of AC oxygenated functionalities on accelerated ageing
is presented. These findings unravel complex degradation pathways, where unlike
previous assumptions, the type rather than the total amount of oxygenated
functionalities on the AC electrode were established to influence the degradation

pathways.

The final section contains abstracts of articles that are not directly linked to the thesis,
nevertheless, demonstrate scientific output gained during the PhD studies. Additionally,
the list of figures and tables included in the thesis, scientific accomplishments and

literature are presented.
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Streszczenie
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Niniejsza praca doktorska poswiecona jest wyjasnieniu proceséw zachodzacych na
granicy faz elektroda/elektrolit w kondensatorach elektrochemicznych, ze szczegdlnym
uwzglednieniem elektrolitow wodnych i organicznych, a takze w kondensatorach
litowo-jonowych. Aby poprawi¢ wydajnos¢ wspomnianych urzadzen, wazne jest
zrozumienie i wtasciwe opisanie ich mechanizmu magazynowania tadunku. W tym celu
nalezy zaproponowac zastosowanie zaawansowanych technik i nowych podejs¢
w zakresie badan podstawowych. W kontekscie opracowania bardziej stabilnych
i trwatych systemédw magazynowania energii o dtuzszej zywotnosci, zwtaszcza do
zastosowan przemystowych, zbadano réwniez szczegdétowe przyczyny przyspieszonej

degradacji elektrod weglowych.

Dlatego tez niniejszg prace podzielono na cztery sekcje tematyczne: Czesé pierwsza
(Rozdziat 1) zawiera ogdlne wprowadzenie do rynku energii, po ktérym nastepuje
wprowadzenie do urzagdzen magazynujacych energie, ze szczegdlnym uwzglednieniem
kondensatoréw elektrochemicznych oraz kondensatordéw litowo-jonowych: ich zasady
dziatania, budowy i powszechnie stosowanych materiatéw i elektrolitéw. Rozdziat
konczy sie przegladem aktualnej literatury na temat badan podstawowych i badan
starzeniowych kondensatoréw elektrochemicznych, zamykajac sie podrozdziatem, w

ktérym omawiane s3 techniki elektrochemiczne stosowane w pracy.

Rozdziat Il - otwiera drugg czes$¢ pracy, zawierajacg podsumowanie publikacji P1 i P2,
ktére dotyczg badania mechanizméw tadowania na poziomie molekularnym w
kondensatorach elektrochemicznych opartych na weglu aktywowanym w potaczeniu z
elektrolitami wodnymi. Te podstawowe badania dotyczg réznych aspektéw: pierwsze
opiera sie na monitorowaniu pH w trybie operando podczas tadowania i wytadowania
kondensatora elektrochemicznego w wodnym neutralnym roztworze soli. Stwierdzono,
ze zmiana pH poblizu elektrod kondensatora jest dynamiczna: silnie zalezy od potencjatu

i jest r6zna dla poszczegdélnych elektrod.

W drugiej publikacji opisano strumienie jonowe w materiatach weglowych w potaczeniu
z roznymi sktadami i stezeniami elektrolitéw przy uzyciu elektrochemicznej mikrowagi
kwarcowej (EQCM), a takze nowe podejscia do bardziej wydajnych zastosowan z nig
zwigzanych. Wykazano znaczenie punktu zerowego tadunku (PZC) dla opisu

mechanizmu tadowania, wykorzystujac rézne techniki elektrochemiczne, z
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udoskonalona metodg jego wyznaczania oparta na spektroskopii elektrochemicznej z
krokowo zmiennym potencjatem ang. step potential electrochemical spectroscopy
(SPECS). Po raz pierwszy wprowadzono takze koncepcje zakresu tadunku zerowego,
ang. region of zero charge (RZC) dla wegla aktywowanego pracujacego w elektrolitach
wodnych, co oznacza, ze PZC nie nalezy traktowac jako bezwzglednej jednopunktowe;j

wartosci potencjatu.

Czes¢ trzecia (Rozdziat Ill) poswiecona jest mechanizmom starzenia elektrod
weglowych w  $rodowisku  organicznym, zaréwno dla  kondensatoréw
elektrochemicznych jak i kondensatoréw litowo-jonowych - najczesciej stosowanych
urzadzen w zastosowaniach przemystowych. Okreslono czynniki takie jak wzrost
napiecia oraz rola tlenowych grup funkcyjnych na starzenie sie uktadéw. Zawiera ona
podsumowanie na podstawie publikacji P3 oraz artykutu Al. W obu pracach techniki
elektrochemiczne potaczono z analizami fizykochemicznymi. Pierwsza skupia sie na
mechanizmach starzenia elektrody weglowej i okresla zarowno zmiany strukturalne, jak
i chemiczne prowadzace do =zaniku zdolnosci do magazynowania energii w
kondensatorze litowo-jonowym. Zastosowanie konfiguracji pot-ogniwa pozwolito na
wyizolowanie podstawowych proceséw zachodzacych tylko na pojedynczej elektrodzie,
bez komplikacji wprowadzanych przez petne ogniwo. Najwazniejsze odkrycie wykazato,
ze wzrost napiecia nie tylko powoduje szybszg degradacje systemu, ale takze kieruje

procesami starzenia.

Artykut A1 koncentruje sie na ocenie dziatania kondensatora elektrochemicznego przy
wysokim napieciu w elektrolicie komercyjnym, tj. 1 mol L? tetrafluoroboranie
tetraetyloamonu (TEABF4) w acetonitrylu (AN). W szczegdlnosci przedstawiono role
tlenowych grup funkcyjnych w przyspieszonym starzeniu. Odkrycia te opisujg ztozone
sciezki degradacji, w przypadku ktérych w przeciwienstwie do poprzednich zatozen
ustalono, ze na Sciezki degradacji bardziej wptywa rodzaj niz catkowita ilo$¢ utlenionych

grup funkcyjnych elektrody weglowe;j.
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Abbreviations
AC - activated carbon
ACF - activated carbon fibre
ADN -adiponitrile
AN - acetonitrile
CB - carbon black
CDC - carbide-derived carbon
CE - counter electrode
Cl - current interrupt
CNH - carbon nanohorn
CNTs - carbon nanotubes
cv - cyclic voltammetry
CVvD - chemical vapor deposition
DFT - Density Functional Theory
DEC - diethyl carbonate
DEMS - differential electrochemical mass spectroscopy
DMC - dimethyl carbonate
DMF - N,N-dimethyl formamide
EC - electrochemical capacitor
ECD - electrochemical dilatometry

EC/DM - ethylene carbonate/dimethylcarbonate

EDL - electrical double-layer

EDLC - electrical double-layer capacitor

EIS - electrochemical impedance spectroscopy
ESR - equivalent series resistance

EV - electric vehicle

EQCM - electrochemical quartz crystal microbalance
[FSIT - bis(fluoromethane sulfonyl imide)

GCD - galvanostatic charge-discharge

GCMS - gas chromatography mass spectrometry
GCS - Gouy-Chapman-Stern
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GITT
GO
HEP
HER
HIP

NaPFs
NMP
NMR
ocv
OEP
OER
PANI
PC
PEEK
PPy
PSD
PTFE
PVDF
PzC
R&D
RE

- Galvanostatic Intermittent Titration Technique
- graphene oxide

- hydrogen evolution potential
- hydrogen evolution reaction
- hybrid ion capacitor

- ionic liquid

- infrared spectroscopy

- lithium-ion battery

- lithium-ion capacitor

- lithium perchlorate

- lithium hexafluorophosphate
- lithium metal oxide

- lithium titanate

- lithium vanadate

- molecular dynamics

-mass spectrometry

-sodium hexafluorophosphate
- N-Methyl-2-pyrrolidone

- nuclear magnetic resonance
- open circuit voltage

- oxygen evolution potential

- oxygen evolution reaction

- polyaniline

- propylene carbonate

- poly(ether ether ketone)

- polypyrrole

- pore size distribution

- poly(tetrafluoroethylene)

- poly(vinylidene fluoride)

- point of zero charge

- research and development

- reference electrode
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rGO
RZC
SCE
SEI
SEM
SHE
SPECS
SPEIS
SSA
TEABF4
[TFSIT
WE
XPS
XRD

- reduced graphene oxide

- region of zero charge

- saturated calomel electrode

- solid electrolyte interphase

- scanning electron microscopy
- standard hydrogen electrode

- step potential electrochemical spectroscopy

- staircase potential electrochemical impedance spectroscopy

- specific surface area

- tetraethylammonium tetrafluoroborate
- bis(trifluoromethane sulfonyl imide)

- working electrode

- X-ray photoelectron spectroscopy

- x-ray diffraction
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1. Introduction

The end of year 2023 marked an important steppingstone for climate action in the form
of the 28th United Nations Climate Change conference (COP28). Under the Paris
Agreement, which legally binds international treaty on climate change, [1] a decision was
reached between respective governments to speed transition away from fossil fuels. In
such light, notable improvements on energy capacity and efficiency are set to be
established by 2030. [2, 3] This move will most definitely prove to be a driving force for
regained interest and consequently, a notable boost in both economic and research and
development (R&D) sectors in the energy storage systems industry. The current global
energy storage systems market, including thermal, electrochemical and mechanical
energy storage, was valued at 246.54 billion (USD) in 2023 and is expected to increase
steadily between 2024 and 2031 to almost double in value, as illustrated in Figure 1. [4,
5]

/
| v 7 / :

Energy storage systems market size

Al Al
T T T T

T SR s ) )
2023 2024 2025 2026 2027 2028 2029 2030 2031

Figure 1. Energy storage systems market size forecast between 2023-2031 based on [4, 5].

Apart from that, the growth of energy consumption all over the globe has been already
noted over the past decade or so. Thus collectively, together with predicted future
demand, it raises the need for more efficient, altogether better suited and reliable
solutions to meet the needs of the ever-changing and fast-paced modern world. One
must also keep in mind the environmental aspects, where preferably clean energy
technologies based on e.g. renewable sources such as wind, water or sun can be

employed. One cannot, however, solely rely on these sources based on intermittency
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alone; their availability will depend on location, season, weather conditions, to name a
few. This is where energy storage technologies such as secondary batteries and
electrochemical capacitors (ECs) can play a crucial role, by not only storing the excess
energy, but also by balancing supply and demand and providing the energy itself when
required. [6, 7] ECs especially, are noteworthy in this context due to their remarkable
characteristics, such as long cyclability and high power density. [8, 9] They however
suffer from notable self-discharge and have rather restricted charge storage capacity.
[10, 11] Therefore, they require further improvements and research. This would allow
them to compete with the state-of-the-art technologies, such as lithium ion batteries
(LIBs), which have been the ‘go-to’ choice when it comes to portable electronic devices
for years and are currently gaining popularity in both aerospace and electric vehicle (EV)

sectors. [12]
2. Electrochemical Capacitors

2.1  Basics to capacitors

A capacitor has the ability to store and release energy, with many different types
available on the market. It consists of two electrodes in parallel, separated by a dielectric
asrepresented in Figure 2. When connected to an external power supply, charge carriers
collect on the surface of the electrodes. This causes them to have negative and positive
charges respectively. As the two electrodes maintain equal charge of the opposite sign,
electricfield is created, and this allows for an electric energy to be stored as a result. [13-
15]

Conductor———
+ -
Electrodle ——— J + -
(electrode surface area, A) | + _
+ -
v

Dielectric —

(dielectric constant, €)

’l“ |[———————= 1 Symbol
Electrode | = A — g&rA | |
| d d I

Figure 2. Schematic diagram of a basic capacitor and equation for capacitance (C), based on [14,
16, 17]
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As represented by the equation, the capacitance (C) is proportional to the surface area
of the electrode (A) and is also inversely proportional to distance between the electrodes
(a).[14, 18] Thus, an important relationship is established, where, the higher the surface
area of the electrode, the higher the capacitance. Capacitance, measured in Farads (F)

can be also expressed in terms of charge (Q) and voltage (V):

c=Q/V eq.l

Whereas, energy, (E) can be represented as follows:

E=Q.V eq.2

Based on these representations, energy can be ultimately expressed as:

eq.3
U =§(Q2/C) =§Q.V = %c.v2

The dielectric constant () represents the ratio of the permittivity of the vacuum (g,) to
the permittivity of the dielectric (&y,). Thus, it can be established that material's
dielectric constant increases with the amount of polarization it develops in an applied

field of a certain strength. [19]

As aforementioned, different types of capacitors can be considered. The most popular
include electrolytic, silver mica, ceramic, tantalum, electrochemical and foil, with some
presented in Figure 3. The choice of the correct capacitor that meets the user’s needs
will naturally depend on the intended application. However, several other criteria need

tobe also considered such as size, temperature, capacitance, voltage rating and cost.[20]

/ \‘
/p ]1

Electrocherhical Electrolytic Ceramic Tantalum

Figure 3. Different types of capacitors
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ECs in particular, can reach very high volumetric and specific capacitances, thus high
energy density amongst all other capacitors. Typically, one would expect values of
capacitance to be within the range of pF and uF in a typical capacitor, [13] therefore ECs
have much more to offer in this context. This is achieved by incorporation of high surface
area carbon electrodes together with thinner dielectrics directed by the double layer
thickness. [14, 15, 21, 22] Moreover, they offer high cyclability (>10° charge-discharge
cycles), which makes them the perfect devices for use in transportation, industrial and
everyday applications. [9, 23-28] The general strategy to improve their energy output is
based on eq.2, where both the enhancement of the capacitance and increasing of the

operating voltage of the device are considered.
22  ECs: construction and principle of operation

ECs are also referred to as ‘ultracapacitors’, ‘supercapacitors’ or ‘electrochemical
double-layer capacitors’ (EDLCs). The name of the latter, however, stems from the
devices fundamental charge storage principle. Therefore, it's rather imperative to
highlight that when referring to ECs, one must remember that they could also include

other charge storage mechanisms, e.g. those based on redox processes. [29, 30]

ECs consist of two high surface area porous electrodes (most often activated carbon
(AC)), where upon polarization one becomes positively charged while the other
negatively charged) placed directly onto metal current collectors (such as stainless steel,
gold, aluminum) separated by a membrane and immersed in an electrolytic solution. The
electrodes can be identical (symmetrical cell) or different from one another
(asymmetrical). The membrane prevents direct contact between the electrodes, thus
avoiding possible short circuits which would immediately discharge the capacitor. It
must, however, allow for the ions from the electrolyte to move freely as to facilitate
charge and discharge processes. The electrolyte itself not only provides ions but acts as
their carrier. The solvent is either water or an organic molecule. [31-33] For reference,

Figure 4 represents a schematic diagram of a typical laboratory scale EC.
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high surface area electrodes

Teflon casing\ /\ current collector

=
electrolyte J L A

separator

Figure 4. Laboratory scale EC

Upon charging; that is, when potential difference is applied between the electrodes; [34]
the cations from the electrolytic solution adsorb onto the surface of the negative
electrode, whereas the anions onto the positive electrode, forming an electrical double-
layer (EDL) at each electrode/electrolyte interface. The opposite takes place upon
discharge, i.e. counter-ions desorb from the electrode surface (Figure 5). Both the size
and charge of the ions present as well as concentration of the electrolyte will determine
the double layer thickness, which in turn influences the capacitance of the device. [13,
35] Moreover, the electrode itself will also determine the number of charge stored; for
smooth and flat planar electrodes it will be directly associated with its geometrical

surface, whereas for porous electrodes it can be enhanced.

(iilDischarging |

|
()Charging |

2 ~® &
&— +— - g
-9 —e® o -
-
4 =
] 9
.- . -
® 9 | 1P w
® o —
&— .
-0 .o ©® 1
lon adsorption lon desorption

EDL

Figure 5. Simplified working principle of EDLC: during (i) charging, (ii) when charged and (iii)
discharging, based on [36]
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When considering the charged state, the complete cell comprises of two capacitors
which are connected in series. [37] Therefore, for a symmetrical capacitor the

capacitance of the cell (C,,;;) in Farads (F) [14, 21] can be considered as:

1 1
Ceet1 = a-l' e eq'4

Where C, and C_represent capacitances of positive and negative electrodes
respectively. [38] In theory, the capacitances of both electrodes in such case will be the

same. Thus, the equation can be simplified to:

Ce eq.5

Where,

Ce=0Cr=0C_ eq.6

Therefore, the capacitance of adevice will be twice as small as the capacitance calculated
per electrode. In reality, however, these electrodes might vary; their thickness, size or
even type of material used will give rise to different capacitance values. Hence,
recalculation per active surface area (areal capacitance in F/cm?), mass (gravimetric
capacitance in F/g) or volume (volumetric capacitance in F/cm3) is needed. One would
most often find gravimetric capacitance of an electrode (Cy) reported in scientific works,
where an active mass of a single electrode (m,,) in grams is considered:

_ 2.Ceent eq./
Mgct

Cg

The gravimetric capacitance of a whole cell can be obtained through division of Cy by 4,
thus it will be 4 times smaller than the gravimetric capacitance of an electrode. Once
again, all of this becomes significant when comparing or reporting research results;
often, such information is omitted, which can cause further confusion within the
scientific community. Moreover, it must be noted that high capacitance values alone do
not strictly indicate material’s ability to be employed as Aighperformance electrodes for

ECs and will be affected by other factors such as electrical conductivity. [39]
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The power (P) of the device is another important parameter which is the energy it
produces or uses per unit of time. It is dependent on voltage and internal resistance
(ESR):
2
b= 4335}2 =
Where the ESR is the main limiting factor. It includes all the internal resistances that

impede the flow of current inside an EC.

23  EDL Theory

As beforementioned, EDL is a structure that forms at the interface of an electrolyte and
a charged surface of the electrode. [23] Originally, it was Helmholtz who proposed the
concept of double layer on a charged electrode surface in 1853. [40, 41] The model
assumes adsorption of a layer consisting of a single ion on polarized electrode surface.
However, it lacks information about electrode-electrolyte interface. Thus, this model
was later improved by Gouy- Chapman, where the diffuse layer was considered, using
the Poisson-Boltznann theory. [42, 43] Ultimately, capacitance can then be regarded as
anon-constant value because it is affected by the applied voltage and the concentration
of ions. Later, Stern introduced the concept of dividing the electrolyte region into two
distinct layers: Stern and diffuse layers. The former constitutes of an inner layer that is
inaccessible to ionic species, whereas the latter describes the ion distribution that is
inhomogeneous. [44] Based on this model, (Gouy-Chapman-Stern (GSC)) one can
therefore assume the EDL capacitance to consist of compact double-layer capacitance

(Cinner)and diffuse region capacitance (Cy;ffyse) [14]

1 _ 1 + 1 eq.9
Cdl Cinner Cdiffuse

This concept was then extended by Grahame to include the inner Helmholtz plane (IHP)
which encompasses the Stern layer (closest to the electrode surface) and the outer
Helmholtz plane (OHP) which is placed at the closest distance of hydrated ions to the
electrode surface (further from IHP). [45] The IHP was considered to be consisting of
specifically adsorbed ions (that s, those that are strongly bound to the electrode surface)

and solvent molecules, where the mentioned ions are completely dehydrated or only
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partially dehydrated. [46] The OHP will therefore include non-specifically adsorbed
hydrated ions.

Although these classical models (GCS) help to present simplified approach to the ion
behavior and the resulting EDL structure, (which can then help in understanding of
various electrochemical processes), one must remember that they may not always be
applicable alone for porous electrodes. In such case, modifications must be considered
to include e.g. pore size effects, pore size distribution (PSD), and pore shape. [47, 48]
These models also do not consider molecular nature of the ions and solvent [49, 50]
which is why more advanced modelling techniques, such as molecular dynamics (MD)
simulations and Density Functional Theory (DFT) can prove advantageous in gaining a

more comprehensive understanding of EDL for porous electrode materials.
24  Electrode Materials for ECs

Based on the type of charge accumulation mechanism, the electrode materials employed
in ECs can be broadly divided into porous carbons and pseudocapacitive materials. Of
course, various composites that possess characteristics of both also exist. More

distinctive categorization is included in Figure 6:

Metal sulfides, selected metal
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Figure 6. Electrode materials used for ECs

Carbon materials

Amongst carbon materials, typically, AC is the electrode material of choice for ECs
applications. It is a form of carbon that is produced by various carbonaceous raw

materials, some of natural origin, such as rice husk, wood, coconut shells and bamboo.
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[51-56] Through activation processes, its’ surface area, pore size distribution (PSD) as
well as pore size can be altered to fit specific needs. [57] The activation process can be
either physical or chemical and is governed by activating agents. In physical activation of
the carbon precursor, oxidation takes place at high temperatures, where CO2 and H20
steam are most often used. In the chemical activation procedure, KOH, ZnCl2, NaOH and
H3PO4 are most representative chemical agents that are employed. [58] Moreover, the
AC materials that are obtained through chemical activation process give in general,
higher mass yields and are more porous compared to those acquired by physical
methods. [59-61] After activation, porous network is produced in the bulk; in the grains,
micropores (<2nm), mesopores (2-50nm) and macropores (>50nm) can be obtained. [30]
Through activation process also, carbon can become rich in oxygen atoms (from few % -
30 wt%) in the form of surface oxygen functionalities such as carboxyl, lactone, phenol,
ether etc, which can effectively enhance capacitance of the ECs. [62-64] ACs are also
characterized by large specific surface area (SSA) (>1000 m?2 g1), good electrical
conductivity, resistance to corrosion, and tunable properties; such as surface chemistry,
morphology, and texture. [65, 66] These properties can be altered by chosen synthesis,
type of precursor or application of post-treatment methods. Moreover, they are readily
available, can be synthesized in various forms (powder, clothes, fibers) and are low-cost
materials making them perfect for research and industrial applications. Synthetic ACs
can also be attained when produced from polymer gels at high temperatures and inert
environment. They are characterized by improved control over the porosity which is
attained during the synthesis and activation processes. Additionally, the gel that is used
as a precursor has an adjustable cross-linked structure, which results in an AC with a 3D
structure and high conductivity.[57] Regarding SSA, it’s worth noting that theoretically,
it is assumed that the larger the SSA the larger the specific capacitance. However, pore
shape and size may result in similar values of SSA, making this statement somehow
restricted. The accessibility of pores to the ions from the electrolyte is another
important issue that needs to be addressed in this matter, since it will directly impact the
effective surface area available for charge storage. [67] ACs can also come in form of
fibres, that includes highly porous activated carbon fibres (ACFs) which are acquired via
electro-spinning methods. [68, 69] Essentially, they can be categorized as a combination

of activated carbons and carbon fibers. Other carbon materials include carbide-derived
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carbons (CDCs), [70] carbon aerogels, [71] carbon blacks (CBs) [72] and template
derived carbons (TDCs).[73] Carbon materials used as electrodes can be also subdivided
into two other groups, mainly graphene materials and shaped carbon nano structures

which will be discussed in more detail.
(i) Graphene materials

Because of their exceptional electrical conductivity and very large surface area,
graphene-based materials have the potential to be used as components in electrodes in
ECs. They include fullerenes, graphene sheets, graphite and activated graphenes.
Graphene is 2D sheet containing sp? carbon atoms arranged in a honeycomb network of
six-member rings. [74, 75] It can therefore be considered as a ‘building block’ for all the
other graphitic materials unit for building all graphitic materials with different
dimensionalities (OD, 1D, 3D). [76] Theoretically, a single-layer graphene’s surface area
would result in high EDL capacitance and energy density. However, this surface area is
much reduced, as for charge transfer to occur, a dense cross-linked network must be
formed. [77, 78] To effectively improve SSA without compromising the electrical
properties, methods such as chemical activation, light treatment an self-assembly can be
considered. [79] Graphene can be produced by several methods: reduction of graphene
oxides (GO), epitaxial growth, chemical vapor deposition (CVD) and liquid phase

exfoliation.
(ii) Shaped carbon nano structures

This class of carbon materials are known to possess very specific and controlled
shapes/morphologies that are obtained through various engineering and synthesis
methods. [80] This allows them to be specifically ‘tailored’ to specific needs, whether it
be for catalysis, energy storage, electronics or biomedicine. These shaped carbon nano
structures include materials such as carbon nanotubes (CNTs), [81] carbon nanofibers,
[82] carbon nanoonions [83] and carbon nanohorns. [84] CNTs are particularly
interesting for EC applications due to their electrical, chemical stability and mechanical
characteristics. They are basically cylinders of rolled up sheets of graphene, that can be
classified into three types: single walled CNTs (SWCNTs), double-walled CNTs
(DWCNTSs) and multi-walled CNTs (MWCNTSs), the difference being in number of sheets

of graphene it comprises of. They can be produced by a number of methods, including arc
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discharge, laser ablation, and CVD. [85] To effectively boost up the ECs performance,
CNTs are usually used as part of a composite electrode, such as with AC and graphene,

[86, 87] for synergistic effects and cost management.
Pseudocapacitive materials

Amongst the pseudocapacitive materials, metal oxides (MnO2, , RuO2), conducting
polymers (PPy,PANI) , metal sulfides (MoS2, ReS>) and their corresponding composites
have been studied and used as electrode materials for ECs. [88-92] Although these
materials can provide higher energy densities than traditional carbon materials (as they
involve fast and reversible redox reactions that take place at the electrode surface), they
tend to suffer from kinetic limitations and rather poor capacitance retention upon
cycling, [93, 94] hence, the use of composite materials which combines synergetic
effects. In general, however, the field of pseudocapacitive materials is constantly
developing- where novel materials, their enhanced functionality, and a better

comprehension of their underlying mechanisms are developed.
25  Electrolytes for ECs

The performance of the EC is greatly influenced by the choice of the electrolyte,
particularly, their voltage window and cycle stability. [95] Thus, to effectively increase
the device’s energy density, electrolyte approach is plausible and can be implemented,
as it depends on charge stored and operating voltage window. Moreover, matching the
electrolyte and electrode material with optimized pore size is vital, as it will influence the
capacitance of the device.[95] The electrolytes for ECs can be classified into liquid, solid-
state and quasi-solid state, where liquid electrolytes are the most popular choice. [21,
96-100] This is because ECs are high power devices, thus liquid electrolytes are capable
to deliver high ionic mobility. These liquid electrolytes can be further divided into:
aqueous (e.g. Li2SO4, KOH, H2S04), organic (e.g. TEABF4/AN, LiPFs/EC:DMC) and ionic
liquids (e.g. [EMIM][BF4], [BMIM][BF4]) where as far as commercial systems are
concerned, organic based electrolytes are preferred due to wide potential window
(~2.5-2.8 V). [101] In general, regarding the criteria for EC applications, the following
should always be considered: viscosity, ionic conductivity, price, accessibility,
environmental impact and potential window. Nevertheless, a fair trade-off between

those properties must be reached, as no ‘perfect’ electrolyte has been discovered yet.
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Aqueous electrolytes

Aqueous based electrolytes are characterized by low cost, high conductivity
(temperature and concentration dependent) and are environmentally safe. Additionally,
they canincorporate redox reactions which boost specific capacitance stored. Their use
commercially, however, is limited due to a narrow voltage window governed by
thermodynamic stability of water (1.23 V), which in contrast to aprotic medium, is not a
matter of concern. Nonetheless, they remain quite well studied systems to date, with a
strong focus being recently shifted towards fundamental studies that can explain their
limitations.[98, 102-117] Amongst aqueous electrolytes, alkaline and acidic electrolytes
are widely selected for EC applications, due to high ionic conductivities i.e. for. 6M KOH
itis 0.6 S cmtat 25 °C. [118] This allows for rapid charge transfer and contributes to
device’s high power density. However, their corrosive nature and safety concerns limit
their use for certain applications. Corrosion of current collectors is particularly
problematic and so the use of expensive metals is necessary, such as gold, which is highly
impractical for commercial use. In such light, aqueous electrolytes based on inorganic
salts are promising candidates for ECs and are often employed in such systems. They are
characterized by better electrochemical stability, are non-corrosive and have a wide
potential window up to 1.6 V (for neutral alkali metal sulphate and nitrate based
electrolytes) compared to the reported values of 0.8 V or 1.0 V for 1 mol L't H2SO4 and
6M KOH electrolytes.[32, 96,107, 119-122] The extended operating voltage window is
owning to overpotentials for oxygen and hydrogen evolution reactions (OER) and (HER)
exhibited by such pH neutral electrolytes. In fact, it was demonstrated that 1 mol L
LioSO4 coupled with microporous AC was able to operate up to 2.2 V for ~ 15,000
charging/discharging cycles at 1 A gl [96] However, associated aging related
contributors such as corrosion were diminished through the use of gold current
collectors. Thus when stainless steel current collectors were used the same system, it
was shown that the EC can safely operate up to 1.5 V.[123] Above this value, generation
of gases and electrode oxidation isinitiated. Still, this value is quite impressive and much
higher than those reached by acidic and alkaline electrolytes, yet not high enough to
compete with organic based electrolytes. Another approach is based on Faradaic
contribution from redox species, which provides an increase in specific capacitance and

thus allows to reach much higher energy density values. In that manner, redox active
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electrolytes prove to be an attractive alternative. They are characterized by an
adjustable redox potential that can be controlled through concentration and pH, as well
as improved diffusion in the liquid state. [106, 124, 125] The main disadvantage of such
solutions include self-discharge through redox species shuttling, unpredictable and
variable cyclability and losses related to diffusion overvoltage. [126, 127] Amongst the
redox active electrolytes, those based on iodides were shown to be an attractive choice,
such as those based on Kl and Csl. [128] The redox potential of iodide allows for wider
operating voltage window to be reached compared to other redox electrolytes.
Moreover, higher power density and theoretical capacity can be obtained.
Unfortunately, ECs incorporating iodide-based electrolytes still face their challenges.
Although redox reactions are reversible, changes in pressure, concentration and pH can
inevitably shift the equilibrium potential. According to the Pourbaix diagram, [129] the
redox activity of the iodide based species can generate its’ different forms, depending on

the pH of the electrolytic solution:

27+ 2e eq.10
3lre 137+ 2e” eqg.11
5N ls"+4e” eq.12
3l2+ 60H" < 51" +103- + 3H20 eq.13

Particularly, formation of polyiodides (I3~ and I5~) and iodate (IO3°) can be unfavorable
for ECs long term performance, leading to reduced concentration of redox-active
species and pore clogging [104, 130, 131]. Although numerous studies have been
proposed as to gain deeper insights into performance of neutral agueous electrolytes
from fundamental point of view (especially those based on iodides and sulphates are
prominent[102,121, 128, 132]) advancements in the field for nitrate-based electrolytes
is regrettably lacking.

Organic electrolytes

Organic electrolytes for ECs consist of a conducting salt, for example:
tetraethylammonium tetrafluoroborate (TEABF4), lithium hexafluorophosphate (LiPF¢),
sodium hexafluorophosphate (NaPFs) and lithium perchlorate (LiClO4); dissolved in an
organic solvent, such as, acetonitrile (AN), propylene carbonate (PC), adiponitrile (ADN),

ethylene carbonate (EC) diethyl carbonate (DEC), N,N-dimethyl formamide (DMF) and

Sylwia Slesiriska 27



Research on the electrode charging and carbon degradation in electrochemical capacitors

dimethyl carbonate (DMC). As beforementioned, they are widely used in commercial
markets due to the wide and nondisruptive operating voltage window. As a matter of
fact, due to the highest conductivity in given solvents; i.e. AN, PC, and DMF; electrolytes
based on TEABF4 are most often chosen on a commercial scale. [133] Organic
electrolytes in general are however, characterized by high flammability, cost, toxicity,
non-eco-friendly nature and rather problematic preparation and handling that requires
oxygen and water free environments. On top of that, they have higher resistivity
compared to aqueous electrolytes, where ionic conductivities of 1 M TEABF4/AN vs. 30
wt% H2504 are 0.06 S cm™ and 0.8 S cm™! at 25 °C respectively. In fact, it was
demonstrated that the ESR of EC based on AC and 0.5 M TBAPF¢/AN was within the
range of 7 - 12 Q cm™2 and 0.75 Q cm™2 for system containing 0.5 M H2504. [134]
Presence of impurities or water trace should also be accounted for, as they will inevitably
limit the electrochemical performance of the EC through unwanted side reactions and
water decomposition reactions, i.e. electrochemical stability is affected. Such is the case
for TEABF4/AN electrolyte, in which hydrolysis of BF4 can yield detrimental and
corrosive HF that leads to a much more pronounced degradation of the EC. [135]
Moreover, water traces were also found to affect the self-discharge process. [136] Even
though organic electrolytes have many cons, their advantages still outweigh the
disadvantages - commercial ECs must have long, and stable cycle life paired with higher
energy densities for practical applications. Therefore, active research is carried out in
order to address and improve those disadvantages, whether it be by exploring various
additives or development of safer electrolytes for improved thermal stability or
flammability issues. [137-140] In this sense, solid-state electrolytes have been also
considered as an alternative due to their non-flammable nature.[141] Regarding specific
capacitance values, they are lower for organic electrolytes compared to aqueous ones in
carbon based ECs. [142] This could be somehow linked to larger size of solvated ions in
organic electrolytes that would then have difficulty penetrating the carbon porosity, and
thus, affecting the EDL capacitance. Additionally, it was shown that the capacitance is
indeed affected by ion/pore size match; Koh et a/ have proved such claim when studying
quaternary ammonium BF4 salts in microporous carbon electrodes, where the
capacitance was found to be proportional to the reciprocal of the radii of bare cations.

[143] Therefore, the relationship between pore size of carbon electrodes and the ion size
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from the electrolyte becomes important when capacitance values of an organic based
EC are to be effectively boosted. Besides, other factors must also be considered,
including degree of solvation/de-solvation and even carbon pore morphologies on EDL
structure, for which theoretical (such as modelling) or /n-situstudies (i.e. electrochemical

quartz crystal microbalance (EQCM), can be employed. [144][145, 146]
lonic Liquids

The mentioned drawbacks exhibited by traditional agueous and/or organic electrolytes,
such as limited potential windows, conductivity or thermal stability can be tackled with
the use of ionic liquids (ILs). That’s why they can be considered as an ‘alternative’ choice
in that matter. They comprise of organic cations and inorganic/organic anions that have
tunable chemical and physical properties (hence coined as ‘designer solvents’) and
melting points below 100°C. [147] Based on the composition, they can be classified as:
zwitter ionic, aprotic or protic, with the latter (e.g. pyrrolidinium
bis(trifluoromethanesulfonyl)imide ([Pyrr][TFSI]), pyrrolidinium nitrate (PyNO3)),
having limited interest in the EC field due to lower operating voltage (1.2-2.5 V) than
aprotic IL electrolytes. [148-151] Essentially, the most often used anions for EC
applications are: hexafluorophosphate [PF¢];, bis(trifluoromethane sulfonyl imide)
[TFSI], bis(fluorosulfonyl imide) [FSI- and tetrafluoroborate [BF4], and cations:
phosphonium, sulfonium, imidazolium, pyrrolidinium and ammonium. However, ILs have
three major disadvantages which deem them unsuitable in commercial setting: high
viscosity, price (constituting of synthesis, purification, overall cost) and rather poor
conductivity. Amongst ILs, those based on imidazolium are characterized by higher
conductivity compared to other ILs, hence why they are extensively studied for use in
both ECs and hybrid ECs. [101] Moreover, it’s worth noting that incorporation with
organic solvents can aid in improvement of their properties, such as simultaneous
increase in capacitance and decreased internal resistance., as shown when DMF was
introduced to [BMIM][PF¢] in an asymmetric AC//MnO2 EC. [152] For pyrrolidinium-
based ILs such approach allows for increase in conductivity and decrease in viscosity,
considering the solvation effect. [101] In such light, when both price and physical
properties are considered, incorporation of ILs as an electrolyte component rather than

in a pure form seems more advantageous for future prospects in energy storage field.
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2.6 Comparison to other energy storage devices

To effectively compare ECs with other energy storage devices, it is necessary to express
them in terms of power and energy densities. Thus, representation on the Ragone Plotis
advised, as illustrated in Figure 6. It's imperative to note that none of the mentioned
devices are discredited; each has its’ own use and its specific set of characteristics that

determines its intended application.
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Figure 7. Ragone Plot, based on [153]

Given that, ECs offer a “bridge” between these two parameters compared to e.g. a
conventional capacitor which possesses very high-power density but rather poor energy
density which ultimately restricts its usage. However, in contrast to batteries such as
LIBs, ECs offer limited energy density but superior power density and much extended
cyclability due to its charge storage mechanism that doesn’t include irreversible
chemical reactions. LIBs can supply a minimum specific energy of 200 Wh kg and
specific power <350 W kg1, whereas for commercial ECs those values can reach on
average 5 Wh kgt and ~11 kW kg respectively. [154] Moreover, high power

performance of ECs can be attainable at temperatures down to - 40 °C, which is not the
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case for batteries. [13] More comprehensive comparison between batteries, ECs and

capacitorsis givenin Table 1, where the most vital parameters are included.

Table 1 Comparison of various characteristics between given energy storage devices, adapted

from [23]

Parameters Battery ECs Capacitor
Specific power (W kg%) <1000 500-10,000 >10,000
Specific energy (W h kg?) 10-100 1-10 <0.1
Coulombic efficiency (%) 70-85 85-98 ~100
Cycle-life ~1000 >500,000 Almost infinite
Charge time 1-5h stomin 10%- 102
Discharge time 0.3-3h stomin 10%- 102

Thus, on a comparative note, when pros and cons of both technologies (that is batteries
and ECs) are considered, one could argue that they aren’t ‘perfect’ and could potentially
benefit from one another to deliver superior high energy-high power devices with
extended cycle life. This is where the concept of a hybrid ion capacitor (HIC) comes into
play, which combines the positive EDL electrode and battery-like negative electrode.
[155-160] Such device has the ability to deliver 4 or 5 times higher energy values
compared to traditional ECs through incorporation of intercalation mechanism in one of
the electrodes, and the use of carbonate based electrolyte which yields higher operating
voltage of ~4.2V, [161, 162] compared to a commercial symmetric organic electrolyte

based EC, where this value is limited to only ~2.7 V.

Among the most prominent in the category of HICs is the lithium-ion capacitor (LIC),

which will be further discussed and studied.
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3. Lithium-ion capacitor
3.1  Construction and principle of operation

One of the first LIC based on nanostructured LisTisO12 (LTO) and AC was constructed
and evaluated by Amatucci et a/.in 2001. [163] However, it was only when graphite was
introduced as the negative electrode material when the device began to be
commercialized. [164] Since then, significant advancements in performance, materials
and cell design have been made in the field. [165-169] This is largely due to the much
improved understanding of these devices and their operation on a fundamental level.
Such approach specifically allows for targeting specific problems linked to decline in

cycle life and degradation of the device.

With regards to the construction, LIC merges two electrodes with different mechanisms:
lithium-ion battery type negative electrode which uses intercalation mechanism and an
EDL positive electrode. This approach allows for the device to combine dual benefits of
both devices: ECs (extended cycle life of up to 100 000 cycles and high specific power
~10 kW kg1) and LIBs (high specific energy of ~14 Wh kg1). [170-172] Moreover, it
suffers from much less self-discharge compared to ECs and has wide operating

temperature range (-40- 70 °C).[173]

Like in other energy storage devices, the electrolyte’s role is to transfer charge, and the
separator is a porous thin material that ensures the electrodes do not come into direct
contact, thus avoiding short circuits. The separator can be polymer, paper, glass fibre or
ceramic, largely depending on the electrolyte used. With regards to the electrolyte, most
commonly 1 mol L't LiPFs in EC:DMC (lithium hexafluorophosphate solution in ethylene
carbonate and dimethyl carbonate) is used in both research and industry. To improve
solid electrolyte interphase (SEl) formation, ionic conductivity, electrolyte stability,
wettability or thermal behavior, various electrolyte additives might be considered. [174,
175]The addition of conductive additives such as carbon black or carbon nanotubes to
the active material of the electrode ensures improved electrical conductivity. It must be,
however, well dispersed within the material and its’ amount optimized to ensure
efficient ion transport.[176, 177] Moreover, unlike LIBs, LICs require an additional step

in the form of pre-lithiation of the negative electrode that takes place during the first
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charging cycle. [178] Although this is a vital step that compensates for irreversible
lithium loss and improves Coulombic efficiency of the device, [179-181] it introduces
significantly higher costs and potential problems related to manufacturing on a

commercial scale.

The operation principle of LICs constructed in this doctoral work, is based on lithium ion
intercalation at the negative electrode and anion adsorption into the porosity of the
positive electrode during charging, with the opposite taking place upon discharging
process (represented in Figure 7). [182-184] The power of the LIC device is thus limited
by the negative electrode; this is because the intercalation process is much slower than
the adsorption process taking place at the positive electrode. Conversely, the specific

energy is limited by the positive electrode, due to its’ non-faradaic nature. [171]
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Figure 8. Simplified working principle of the LIC during charging process

32  Electrode materials for LICs

Electrode materials are a crucial part of LICs and have a significant impact on their
performance.[173, 185, 186] Cathodes for LICs can be categorized into those based on
carbon materials (AC, graphene, templated mesoporous carbon, aerogels, CNTs), [183,
187-190] composite materials (carbonous or Li-metal oxide (LMO) based) [191] or

intercalation materials (lithium metal oxides). [192, 193] In terms of commercial
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feasibility, AC prevails as the chosen cathode material, due to beforementioned
properties such as its availability, high surface area, tunable properties, good electrical
conductivity, and relative low cost in. [194] In addition, various different precursors
based on biomass waste can be used, which have gained vast popularity due to their
abundant and renewable nature. [195] These range from lignin, [196] algae, [197]
tobacco leaves, [198] sawdust, petroleum coke and coconut shells. Some of those have
not gone as far as beyond lab-scale use, whilst the last three are commonly used
commercially. On the other hand, LMO based materials can achieve higher capacity but
have limited power output due to poor electrical conductivity and diffusion coefficient.
[187] Regarding anode materials, they can be neatly divided into three main groups: (i)
insertion type materials; including carbonaceous, lithium containing oxides such as
lithium titanate (LTO), [199] lithium vanadate (LVO) [200] or their composites, [201] (ii)
conversion type materials such as chalcogenides and transition metal oxides, [202, 203]
and alloy type materials. [204] LTO is particularly advantageous due to its’ ‘zero strain’
attributes, which implies that during charge/discharge cycles it experiences minimal
dimensional changes. [205] Another currently studied anode material for LICs
showcasing promising prospects is the two-dimensional MXenes, such as those based on
TisCaoTx However, TisC2oTx nanosheets in particular, tend to ‘restack’, thus various
composites with carbon materials e.g. reduced graphene oxide (rGO), AC and CNTs are

often incorporated to overcome this problem. [206-208]
3.3  Electrolytes for LICs

As mentioned, the electrolyte plays an important part in LIC operation. Apart from the
obvious role of providing ions and their transport, it serves an additional purpose of
participating in SEI formation. The most common electrolytes in the LIC field are based
on several organic solvents (such as EC, DMC, EMC (ethyl methyl carbonate), PC, DEC)
and lithium salts. Fluorinated salts such as industry’s golden standard LiPF¢, possess high
ionic conductivity, form passivation layer on aluminum current collector on the positive
electrode and have good charge-discharge kinetics. [209] However, they can release
toxic hydrogen fluoride when exposed to water traces or during improper handling,
raising rather serious concerns in terms of safety, health and environment. Another

common practice involves preparation of electrolytes based on two or more solvents, i.e.
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EC/DMC, EC/DEC/DMC etc. for enhanced performance. One would almost always find
EC to be the solvent of choice or at least one of the contributors, due toits’ ability to form
stable SEIl on the surface of the negative electrode. [173] This is not always the case for
other solvents, especially to achieve on their own, PC being a good example in such case.
[210-214] PC can however improve low temperature performance of the LIC when used
as an additive, as shown by Wang et a/. [214] Addition of other low viscosity solvents
such as DMC, DEC, and EMC to EC can also be advantageous as it will increase Li*
migration rate. [173] Therefore, it's safe to say that through electrolyte additive
incorporation, even in low concentrations, performance of the LIC device can be vastly

improved; whether it be in the realm of boosted cyclability, safety of interphase stability.

CATHODE MATERIALS

Activated carbon, graphene, templated
mesoporous carbon, carbon nanotubes,
biomass carbon, aerogels

ANODE MATERIALS
Insertion type materials, alloy type

materials, conversion type materials

Lithium-ion capacitor

A

ELECTROLYTES

 Lithium salt, organic solvent,
additives

CONDUCTIVE ADDITIVES

* Graphene, carbon black,
carbon nanotubes

*  Compatibility, dispersion,
amount

PRE-LITHIATION

Metallic lithium, chemical solution and
electrolyte pre-lithiation,cathode additive

Figure 9. Summary of LIC components and important features, based on [171, 173]
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4. Fundamental studies of ECs

To improve ECs’ performance, it is crucial to understand and properly describe the
mechanism of charge storage within these devices. For this, the use of advanced
techniques and new approaches should be proposed concerning fundamental studies.
The concept of research on electrode charging in ECs revolves around understanding
theintricate relationship between the electrode materials and the electrolyte during the
charging and discharging processes. Especially, when activated carbon and aqueous
electrolytes are paired, the processes taking place during EC charging/discharging are
not as straightforward due to the complex structure and surface chemistry of activated
carbon electrodes. As far as techniques which can be applied to study charge storage
mechanisms in ECs, they can be categorized into: (i) /in-situ and (ii) operandotechniques.
From the fundamental approach, they are incredibly valuable as they bridge the gap
between theoretical understanding and practical performance. As opposed to modelling
and simulations, they allow for real-time observation of the dynamic processes
happening at the electrode/electrolyte interface, thus an experimental validation is
reached for the studied systems. [215] Of course, the two can be used alongside each
other for even better outcome; Venancio et a/. investigated the stability of electrodes
and organic electrolytes in ECs based on operando Raman and FT-IR together with
atomistic molecular dynamics (MD) simulations and electrochemical techniques. [216]
Another work used MD simulations coupled with operandoECD to investigate the pore-
ion population changes in an AC-based electrode of LICs.[217] However, it is not always
plausible to use such approach and those studies are limited in the existing literature.
Combination of one or two /n-situand/or operandotechniques is far more common, and
allows for gaining a comprehensive understanding of phenomena in question at the
nanoscale, especially since the adsorption/desorption process in systems with AC is
affected by the ion-pore size mismatch, ion-exchange mechanism and the ion solvation
effect. [218] Amongst those techniques, the most established ones include: (i) /n-situ

spectroscopic techniques (nuclear magnetic resonance (NMR) spectroscopy,

electrochemical impedance spectroscopy (EIS)), (ii) X-ray based techniques (X-ray

diffraction (XRD) and X-ray photoelectron spectroscopy (XPS)), gravimetric technigues

(in-situ  electrochemical quartz crystal microbalance (EQCM), differential

Sylwia Slesiriska 36



Research on the electrode charging and carbon degradation in electrochemical capacitors

electrochemical mass spectroscopy (DEMS)), in-situ/ operando optical based techniques
(Raman spectroscopy, FTIR) and mechanical techniques such as operando ECD. EQCM
stands out as a valuable technique for studying the electrode/electrolyte interface and
has gained growing interest in the electrochemistry community over the last decade or
so. It provides high level sensitivity to mass changes at the electrode surface; thus, one
can detect adsorption/desorption of ions during operation. The principle of operation s
based on the application of a thin piezoelectric quartz crystal that is placed in between
two metal electrodes. This is then used to apply an alternating electric field across the
crystal, which causes a vibrational motion of the crystal at its resonance frequency. [219,
220] Recorded frequency changes are then converted to respective mass changes, as
per Saurbrey’s equation (eq.14), which is valid for rigid films. Therefore, one needs to
also consider resistance changes (AR) which are recorded simultaneously to the
frequency changes. There aren’t any definitive guidelines for EQCM users regarding the
exact value of AR. However, it has been accepted that resistance changes smaller than
+2% should be considered for further mass recalculation (to be considered as
sufficiently rigid for gravimetric calculations), which is regarded as an acceptable range

in the electrochemical society. [144, 221, 222]

Am:_Af-A-me eq.14
A
In the Saurbrey’s equation above: A = surface area of quartz crystal [m2], p= density of
quartz (2.648 g cm), u= shear modulus of quartz (2.947 1011 gcm=1s572), Af= change in
frequency [Hz], and fp= fundamental resonance frequency of the crystal [Hz]. [223]
Essentially, a change in the mass of the WE (which would be the electrode material
coated onto the resonator) causes frequency changes. During ion adsorption, the mass
of the WE increases, therefore, decreasing the registered frequency of the piezoelectric
crystal. The opposite happens during ion desorption. As a subsequent step, Faraday

equation is implemented (eq.15) which ultimately allows to compare the experimental

and theoretical mass changes in the s called mass vs. charge ratio plot:

AQ-M eq.14
F-z

Am = -

Where Am= mass change [g], AQ= charge exchanged [C], A= molar mass of ion

adsorbed/desorbed [g mol-1], F = Faraday’s constant [96 485 C mol-1], and z is the
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number of exchanged electrons (i.e., the valence number of adsorbed/desorbed ion). The
use and applicability of dilute solutions with highly porous carbons in EQCM studies
needs to be mentioned as well, where due to its highly sensitive nature, concentrated
electrolytic solution cannot be well implemented due to much larger mass. In terms of
ECs, EQCM has been widely applied for investigation in various porous carbon materials
(e.g. TiC-CDC, carbonblacks,RGO).[66,221,224-228] However, studies focused on ECs
with ACs in agueous electrolytes are very limited, where mostly organic medium and ILs
predominate. [102, 226, 229] As mentioned, this arises from the intricate charging
behavior of the interface (based on co-ion adsorption, counter-ion adsorption and ion
reorganization, often involving a ‘multi-step’ approach- yet adding more scientific
involution!) and, specifically, from the complex structure and surface chemistry of AC
electrodes. . One could therefore say that there is a rather large gap between the
theoretical description of an ideal interface of an EC and the experimental behavior of a
‘real’ electrode (such AC) in water-based systems, which emphasizes the need for
further scientificadvancements in this area. Additionally, the charge storage mechanism
will depend on the properties of the carbon material (surface functionalities, pore size,
topology) and the nature of the ions (such as size and charge number). Such studies have
been reported in the literature, with ion transport and ion desolvation being the main
processes discussed. The degree of desolvation specifically, has been shown to be is
directly linked to the ion size/charge number as well as pore size for alkali metal cations
and halide anions with microporous/mesoporous porous carbons (BP-880, BP2000 and
YP-17).[225] Similar findings were concluded with CDC-1 nm and CDC-0.65 nmin 2 mol
LT EMIm*TFSI-/AN electrolyte [221] and in another study that looked at a direct
assessment of the behavior of electroadsorbed ions and solvent molecules confined in
micropores of AC electrodes in contact with aprotic electrolytes (based on PC solutions
of quaternary (tetraalkyl) ammonium salts).[226] Furthermore, those studies emphasize
the intricate nature of ion dynamics at the electrode/electrolyte interface: the interplay
of electrode material properties, electrolyte characteristics, electrochemical
parameters, and the inherent sensitivity of EQCM to interfacial changes needs to be
considered. In such light, each system under investigation requires individual study and
tailored analysis. Generalizations are inherently limited by the unique combination of

these factors, emphasizing that a thorough understanding of charge storage
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mechanisms in ECs requires a meticulous individual approach when it comes to EQCM

investigations.

5. Ageing studies

Initial electrochemical performance of proposed systems alone does not deliver
adequate information when their applicability is concerned. Ageing studies in energy
storage devices are thus crucial to ensure their safety, improved performance and
predictability, as well as to enhance cost-effectiveness which is imperative especially
from industrial point of view. However, the associated degradation mechanisms are
rather complex and will strongly depend on many factors: electrolyte, electrode
material, binder type, purity of materials, current collectors, possible contamination
such as water trace (in organic electrolytes) and operating conditions (voltage,
temperature). [230] Temperature and voltage in particular, will have similar effects on
the pace of the ageing process, that is, an increase in either would induce faster
decomposition, which wouldn’t normally occur at such speed if the voltage or
temperature applied was lower. Subsequently, as soon as the energy needed for the
decomposition process is obtained, electrochemical decomposition is initiated. [231]
However, ECs can also degrade below their maximum operating voltage. [232]
Additionally, for LICs which combine electrode materials of both LIB and EC, both aging
characteristics need to be anticipated. Hence, it becomes imperative to isolate and study
the effect of each factor to ‘unlock’ their impact on devices’ degradation from a
fundamental point of view. Additionally, conclusions drawn from studies done on
laboratory and industrial scales will inherently differ and cannot be always compared; as
in each case, different ageing protocols are implemented. Big companies also tend to
keep their internal information private- ensuring secrecy against potential rivals on the
market. However, a universal guidance regarding ECs ageing can be found (International
standard IEC 62391-1) [233] which specifies the end of life criterion to be defined by
20% capacitance loss and/or 200% increase in internal resistance (ESR) measured.
Therefore, such an approach was used for the ageing studies in the doctoral work.
Moreover, when discussing ageing studies, one must compare and contrast differences

and similarities between cycling and floating protocols. The former involves recording
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several thousands of galvanostatic charge-discharge cycles within a specified voltage
range, thus can be quite time consuming, especially for organic based ECs and LICs which
are characterized by longer cycle lives compared to water-based systems. Floating on
the other hand, is based on a potentiostatic hold at elevated voltage and is also referred
to as ‘accelerated ageing’. Compared to cycling, it has extended exposure time at harsh
conditions, thus experimentally, will last a shorter amount of time which can be
beneficial when time restrictions are concerned. The choice between the two ageing
protocols depends on the intended use of the device. Floatingwould be more suited for
‘simulating’ applications where ECs are used as backup power or for energy storage,
since a constant voltage is maintained, whereas cyc/ingwould depict typical operational
conditions of ECs for use in applications like regenerative braking. Furthermore, it was
proved that in water based electrolytes, they have different influence on electrode’s
structure, time of operation and resistance. [234] Therefore, one cannot argue about
one being more ‘realistic’ than the other; it simply takes acknowledging the differences
and gathering information one would obtain from either. Keeping all of that in mind, it’s
safe to say that it would be almost impossible to assign one universal ageing process to
each device, whether it be ECs or LICs, as it will heavily depend on the mentioned
conditions. Hence, only very general observations can be made. While the knowledge
about these general processes of degradation are understood and have been widely
studied in different electrolyte environments, [107, 115, 135, 234-241] more extensive
studies are sought after, especially when based on combined physicochemical and
electrochemical approaches. The incorporation of operando or in-situ studies can be
especially helpful for a more ‘in depth’ approach, such as operando GC-MS, temperature
dynamic investigations, /n-situ Raman Spectroscopy or simulations. [242-245] This can
allow to identify new or less understood mechanisms that need further elucidation.
Regarding ageing mechanisms in ECs, general conclusions that focus on (i) electrode
degradation: loss of SSA, pore blockage, carbon functionalization due to
oxidation/reduction and material corrosion as well as (ii) electrolyte decomposition and
subsequent side reactions with the electrode and/or binder as well as formation of
insoluble species that impede electrochemical performance, can be made. In organic
media, presence of a binder will additionally impose different parasitic reactions at high

voltage altogether, as the amount and types of surface active sites is varied.[237] In such
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light, the effect of carbon functionalization on ageing is another aspect worth exploring.
As briefly described in section 2.4. Electrode Materials, carbon materials for use in
energy storage devices, can contain various oxygen or nitrogen containing surface
functionalities. The former can be divided into acidic (e.g. acid anhydride, carboxyl,
phenol) and basic (e.g. carbonyl, quinone). Additionally, impurities left over from their
synthesis in the form of metal oxides, sulfides and halides can be present. [231] While
some functionalities aid in improving ECs performance initially (mainly due to enhanced
wettability in selected electrolytes, increased active sites and possible pseudocapacitive
response by reversible redox reactions by certain groups like quinone) [246-248], they
can also have detrimental influence on their long term performance. [249] Generally, it
was shown that surface functionalities on the AC electrode oxidize and form new
functionalities. [135, 236] He et al. reported that system with high surface area AC
electrodes in agueous medium can oxidize even at relatively low voltages, leading to gas
evolution and performance degradation; more specifically, due to the presence of
lactone, anhydride, phenol, quinone and carbonyl carbon functionalities. [250] Other
study in aqueous electrolytic solutions, based on Li2SO4 and LiNO3 salts concluded
similar findings. [111] Moreover, similar relationship was established for some ageing
studies in organic electrolytes: that is, that functional groups have a negative impact on
cyclic stability of ECs (although such studies are limited compared to those performed in
aqueous media). [251] Work by Azais et al. highlighted the importance of surface
functionalities and their concentration on the performance fade in ECs, suggesting,
amongst other factors; such as microporosity and absence of moisture; limited
functionality of carbon to be beneficial in that matter.[235] Yang et a/. performed ageing
studiesat 2.5V, 70°Cin 1 M TEABF4/PC and reported formation of a reaction product
layer linked to a higher functional group populations in AC which directly deteriorated
the capacitive performance of the device. [252] However, such claims are not definite,
as concluded by Liu ef al. that found the presence of acidic functionalities to be favorable
in protection of carbon surface and further structural changes by formation of a polymer
layer on both positive and negative electrodes. [241] As evidenced, the subject matter is
rather ambiguous, and no general conclusion can be made regarding carbon oxygen
surface functionalities and their effect on ageing. Once again, it seems to be highly

dependent on: selected experimental conditions (voltage, temperature), materials used
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and electrolytic solution studied (aqueous vs. organic). Therefore, one cannot deny that
more extensive research on this topic is also required. In conclusion, elucidating on the
ageing phenomena in energy storage devices is still valid. Consequently, the two
proposed approaches for the doctoral study, focusing on effects of 1) varied voltage and
2) oxygen surface functionalities on ageing have been proposed and implemented to
contribute to the existing knowledge in the field. The study of LICs and organic based
ECs allowed for a strategic and broader exploration of the two most advanced and

auspicious technologies to date.
6. Electrochemical research techniques

Electrochemical techniques are indispensable for assessing electrochemical cells; they
essentially provide crucial insights about their behavior and performance. The
electrochemical cells mentioned can be tested according to two configuration: in either
two or three-electrode set-ups. In the former, counter and reference electrodes (CE and
RE) are shorted, thus the voltage measured is the cell voltage. In the latter, RE is added
which has a stable and known potential (such as saturated calomel electrode (SCE) with
measured potential of 0.241 V vs. standard hydrogen electrode (SHE)) and allows the
potential of the working electrode (WE) to be measured. Alternatively, a two-electrode
configuration with a RE is plausible, in which the RE allows for simultaneous monitoring
of the potential distribution between the WE and CE. Hence why three and two
electrode with RE configurations are widely used for fundamental studies, as it allows
for information to be gathered on behavior of both: individual electrodes and of the
overall system studied. Two electrode configuration is also perfectly acceptable- where
it can be used to assess the overall device performance, which is more relevant for
practical performance applications, for example in commercial capacitors. Thus, the
choice of a selected configuration will depend on what one wants to observe/study. The
proposed work (which comprises of three scientific articles and one manuscript) utilizes
all three approaches, which are described in more detail in the experimental sections of
each. The use of two-electrode configuration was solely used for the ageing studies in
the organic medium, while the other fundamental studies in the aqueous medium include
all three set-ups. With regards to the electrochemical techniques, cyclic voltammetry,

galvanostatic charge/discharge (GCD), current interrupt (Cl), staircase potentio
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electrochemical impedance spectroscopy (SPEIS) and step potential electrochemical

spectroscopy (SPECS) were used and are described in more detail within this section.
6.1  Cycling voltammetry

CV is an extensively used technique within the electrochemistry community due to its
versatile nature. It can be used for accurate determination of quantitative and
qualitative responses and for mechanistic studies, particularly on alaboratory scale.[14]
Itis based on recording of a current response during a potential scan at a given scan rate,
the potential is then swept back linearly in a reverse directioni.e. the resulting current is
measured as a function of the applied potential. For EC studies, CV is mainly used for
gualitative studies, although one can calculate capacitance values from the collected
data. However, more accurate quantitative information can be acquired by the GCD
technique. The resulting voltammogram’s shape gives crucial information about the
device's performance and energy storage mechanism.[253] For ECs, arectangular shape
denotes an ‘ideal’ capacitive behavior, related to the formation of an EDL at the
electrode-electrolyte interface, which is a reversible and fast process. The current
response is relatively constant in the given potential range. In such way, it is also possible
to determine the optimal working potential window and the onset of decomposition
reactions, where the current measured would start to increase towards the maximum
applied potential point. Moreover, any deviations from the rectangular shape can
suggest internal resistance issues (in the form of a sloping current response) and
presence of a redox reaction (also its reversibility and kinetics). Another important
aspect is related to applied scan rate, usually expressed in mV s™1. The chosen scan rate
will depend on the aim of the experiment; in lower scan rates (e.g. in the range of 1-10
mV s1) sufficient time is allocated for ion diffusion, and thus, performance of EC can be
more effectively determined. When fast scan rates are applied (50-100 mV s1), the
current response is higher, but the measured capacitance is lower. Essentially, they are

used to explore the behavior of ECs at high charge-discharge rates.
6.2  Galvanostatic charge/discharge

In contrast to CV, GCD technique involves charging and discharging of the EC at a
constant current where voltage response is measured. As mentioned, it is used to

accurately assess its’ capacitance, energy, power, resistance and cyclability. [254] The
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capacitance can be calculated either from the discharge curve integration or directly
from the slope of the curve. Since the curve profile is hardly ever perfectly linear, it is
advised to use the former approach. A sudden decrease in voltage that is observed at the
beginning of the discharge cycle is called a voltage drop, primarily caused by device’s ESR
that comprises the total resistance within the device. [127] Therefore for ECs, a more
pronounced voltage drop would indicate its’ poorer performance and can thus be helpful

in assessing the state of health changes during degradation or ageing studies.
6.3  Current interrupt

The Cl technique measures the ohmic resistance (Rq) by rapidly interrupting the current
flowing through the device and the resulting change in voltage is then observed. Simply,

_4v eq.15
I

R
where R is the resistance of the cell, 4V is the difference between the voltage of the cell
before and after Cl, and I is the current. This technique is particularly suitable for ageing
studies (and others), as it is a non-destructive and rapid technique, which allows for
resistance changes to be monitored efficiently. Moreover in the Cl technique, voltage
drop caused by the ESR needs to be accounted for and ‘corrected’, thus a process called
iR compensation is used. [255] The level of compensation (in terms of percentage) needs
to be adjusted individually according to the studied system. Generally, one would
consider partial compensation (within the range of 80-95%) to abstain from possible
overcorrection that would intrinsically give inaccurate results. Ideally however, one

would determine the right percentage through observation or experimentally for most

suitable settings. [256]
6.4  Staircase potentio electrochemical impedance spectroscopy

SPEIS technique combines elements of EIS and potential step techniques thus, it can be
considered as a variation of EIS. The data obtained from EIS measurements can be
represented in various forms but Nyquist (plot of an imaginary part against real part of
impedance data) and Bode (plot of phase angle and modulus as a function of frequency)
are the most popular in EC studies (Figure 10), and they are obtained over a wide range

of frequencies. In fact, it is a preferred technique for studies based on porous electrodes,
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as it allows for the pore size to be evaluated. [257-259]Thus, this technique can give
insights into the dynamic behavior of the studied system, where charge transfer
resistance, time constants associated with processes such as diffusion, charge transfer
and EDL formation, ESR, degradation over time and capacitance can be obtained for EC
characterization. [260, 261] In SPEIS, the impedance measurement is not performed at
one potential but rather at different potentials throughout the chosen potential window,
thus providing additional information on potential-dependent relationships of the

electrochemical system (such as resistance and capacitance).
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Figure 10. Representation of the: (a) Nyquist and (b) Bode plots. Extracted from [223]

6.5  Step potential electrochemical spectroscopy

SPECS technique was first developed in 2015 by M. F. Dupont and S. W. Donne to
characterize the behavior of EC electrodes.[262] It involves an application of a sequence
of small potential steps (A£) across the potential window in both directions (anodic and
cathodic). Greater accuracy can be achieved through application of smaller potential
steps. A rest period (#) between each potential step is applied and it is where the
electrode can achieve quasi-equilibrium before the next step. As a result of each
potential step, a current-time (/-#) transient is produced. This in turn can be modelled
according to the expected behavior of various charge storage processes. The total

current (I1) is calculated accordingly:
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; AE ( t >+ AE ( t )+ B o eq.16
= exp | — exp | —
" Ryp RspCp)  Rgp RscCq tos - F

Where AE = potential step, Ry p/R; ;= series resistance of porous and geometric

components, t= time of each registered step, B= diffusion parameter and Ig=
equilibrium/residual current. [263, 264] The I; can then be separated into its individual

components:

IT=IP+ IG‘l‘ ID+IE eq17

Were [p and [; correspond to currents of EDL formation: in the porosity of the
electrode and on easily accessible electrode surface of the electrolyte, whereas [}, is the
current related to ion diffusion and I is the residual/equilibrium current. By division of
the current curve area by the active mass of the electrode and AE (equation 17), one can

obtain the corresponding capacitance (equation 18):

A eq.18
M- AF
CT = CP + CG + CD + CE eq19

C =

Thus, SPECS is a useful and effective method that can provide deeper insights into the
electrochemical system operation, compared to other electrochemical techniques alone
e.g. CV or SPEIS. It is particularly useful for ECs, where contribution of each parameter
can be thoroughly assessed, especially when investigating new electrode materials
and/or electrolytic solutions. It can also complement other electrochemical techniques,
such as operando electrochemical dilatometer (ECD). Galek et a/ studied two ACs
coupled with an ionic liquid EMIm*TFSI" electrolyte and were able to extract the
qguantity of the current responsible for charge transfer in the micropores of the carbon
material using SPECS and ECD. [109] Moreover, another study investigated lithium
intercalation into graphite using the SPECS and galvanostatic intermittent titration

technique (GITT), displaying its versatile nature. [265]
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7. Summary

We continue to see, year by year, the need for more sustainable energy solutions. ECs
play a crucial role in enabling these advancements, as they “bridge the gap” between
traditional capacitors and batteries. They are characterized by high power density and
rapid charge/discharge abilities, offering a compelling solution for a wide range of

applications that require quick bursts of energy and reliable, long-term performance.

ECs can also be used as a complementary technology to batteries in a so-called ‘hybrid
system’, where a synergistic energy storage system that overcomes the limitations of
each individual technology is created. In such a way, the overall performance can be
successfully optimized. However, in order to use the full potential of ECs and
complimentary hybrid systems, in-depth research focused on fundamental and aging
studies seems to be vital. This dual approach allows for future development of better
electrochemical systems, defined by more efficient and durable nature. Moreover, they
are indispensable for translating new electrode material and electrolyte innovations
into practical technologies. As outlined in this chapter, theoretical assumptions cannot
be always implemented in relation to the interactions at the electrode/electrolyte
interface. The idea of research on electrode charging in ECs revolves around
understanding the intricate relationship between the electrode materials and the
electrolyte during the charging and discharging processes. It is indeed a rather complex
matter influenced by a multitude of factors, such as material properties, electrolyte
properties and operational conditions. Additionally, the study of both organic and
aqueous media can allow for amore comprehensive understanding and opens up awider
range of possibilities for optimizing performance. It does so by highlighting their
different strengths and limitations, which ultimately can complement each other’s
improvements. Even though the research on ECs is extensive and continues to expand
as of now, further investigationis required to address the remaining conundrums related
to charge storage mechanisms and ion fluxes in certain electrolytes as well as factors

influencing their long-term performance.

The goal of the presented thesis is to thus expand on the current knowledge on these
processes with the use of advanced operando and analytical techniques as well as

elaboration on the specific causes of accelerated degradation of the carbon electrodes.
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Chapter lI:
Fundamental studies on electrode

charging in agueous media
P1 and P2

Sylwia Slesiriska 48



Research on the electrode charging and carbon degradation in electrochemical capacitors

P1. Operando Monitoring of Local pH Value Changes at the Carbon
Electrode Surface in Neutral Sulfate-Based Aqueous Electrochemical
Capacitors

Authors: Adam Slesinski, Sylwia Sroka, Krzysztof Fic, Elzbieta Frackowiak, Jakub Menzel
Journal: ACS Applied Materials & Interfaces

DOI: 10.1021/acsami.2c09920

Licence: This publication is licensed under CC-BY 4.0.

Contribution: Investigation: operando pH measurements, floating measurements,
EQCM measurements and data curation, writing—original draft and formal analysis.

Graphical abstract:

Y, 123V —->~1.8V
EP

-
o

—a— (+) electrode
—a— (-) electrode

A O o
pH near the
electrode

608 1.0 1.2 1.4 1.6 1.8 2.0

Voltage (V)

Motivation and Summary

Current literature mainly reports on the pH of the bulk electrolytic solution after cycling,
which changes from neutral to alkaline. [102, 113, 234] However, the pH of the bulk
solution can differ greatly from the pH at the surface of the electrode. Based on this
information, one cannot verify whether: specific electrode undergoes radical pH
changes, if those changes are continuous or sudden, the influence of different operating
conditions and factors related to electrode and electrolyte composition, or how the pH

values change during cycling (dynamic changes). Therefore, tracking pH changes at
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individual electrodes during operation can reveal not only the extent and rate of pH
shifts, but can be then correlated with capacitor performance and associated
degradation mechanisms. Another related aspect is potential pressure changes that
might arise as a consequence of the shift in pH or accelerated side reactions, caused by
gas evolution. According to the Nerst equation, theoretical electrode potentials of HER
and OER will change according to the pH of the solution. Therefore, the change in
potential ranges of individual electrodes will be induced, which affects the operating
voltage window of the system in question. Higher operating voltages also accelerate
corrosion processes. This is because high voltage can be the driving force for the onset
of electrochemical reactions as well as water electrolysis. In the following article, an
electronic circuit of the pH probe was constructed which worked independently of
external capacitor polarization induced by the potentiostat. It allowed for the pH
changes to be monitored at respective electrodes in neutral sulfate-based aqueous EC
coupled with microporous AC electrodes in operando mode, with the results being
further collaborated with operando GCMS and EQCM measurements for more in-depth
outlook. The work showed that the pH changes within the EC are quite dynamic and
different at each electrode; strongly governed by the potential applied, with the negative
electrode displaying alkalization while progressive acidification was noted for the
positive electrode. The onset of those changes was evident from initial cycles and at low
voltages. Moreover, it allowed for OER and HER potentials to be recalculated, where the
studied system exceeded an operating cell voltage of 1.23 V. The observed pH changes
at respective electrodes were governed by the reactions that take place at the
electrode/electrolyte interface. GCMS measurements were thus included to show not
only the by-product formation related to such reactions (namely CO2 and H202), but also
to explain the observed pH changes. Similarly, EQCM allowed to track ion fluxes that
would explain the acidification of the positive electrode, brought about by the
adsorption of OH™ and its simultaneous consumption by the oxidation of the carbon

electrode.
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measurements indicate that the pH at the positive electrode reaches 4, while at the negative electrode, it is 8.5, which in theory could
shift the theoretical operating voltage well beyond 1.23 V. On the other hand, high voltage cannot be easily maintained since the
electrolyte of both electrode vicinities is subjected to mixing. Operando gas monitoring measurements show that the evolution of
electrolysis byproducts occurs even below the theoretical decomposition voltage. These reactions are important in maintaining a
voltage-advantaged pH difference within the cell. At the same time, the electrochemical quartz crystal microbalance (EQCM)
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pH difference between electrodes is the highest (6 units). The increase of the electrode separation distance acts similarly to the
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notable.
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1. INTRODUCTION

The technological advancement and extensive production of
electrically powered devices have led to the need to search for
energy storage units produced on a large scale. Several widely
used devices are powered by rechargeable units. Nowadays,
electric vehicles (EVs), which are powered by lithium-ion
batteries (LIBs), and related technologies in this field, have
sparked a booming interest.' This kind of battery can thus be
successfully applied, owing to its high energy density, ensuring
efficient driving range per charge, as well as other parameters
such as weight ratio of the battery system to the whole car,
etc.."™® However, LIBs suffer from slow electrochemistry with
strongly limited cyclability, which tremendously impacts their
use in high-power applications, where fast acceleration or
regenerative braking is of key importance.”* Additionally, they
require long charging times and have limited cycle life due to

© 2022 The Authors. Published by
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volume changes in the material upon cycling operation, adding
yet more drawbacks.””'" The already well-known energy
storage system that overcomes those issues is built with the use
of electrochemical capacitors (ECs). The principle of
operation of the EC differs strongly from that of an
electrochemical cell, as it relies primarily on physical
phenomena rather than chemical. In this way, the processes
that occur are faster and much more reversible, allowing these
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devices to reach higher power density and superior cyclability
(>10° charge—discharge cycles).'2~ 1 Owing to the charge
storage mechanism, the voltage during capacitor charging and
discharging ramps linearly with the state of charge, while for
batteries it is almost constant, and its value depends on redox
reactions. The major drawback of ECs is, without a doubt,
their low specific energy storage capability. This problem can
be tackled in two ways: by either increasing the operating cell
voltage (U) and/or the specific capacitance (C), as these are
the parameters that govern the energy stored in the device, as
given by
cU’
E=——

2 (1
In electrochemical capacitors, the choice of a solvent is of
utmost importance, as it governs the maximum voltage of the
system. Currently, capacitors that operate in an organic
medium as an electrolyte solution, mai_nlzf based on acetonitrile
or propylene carbonate as solvents,"'® are the most widely
used and commercialized, as the use of these media allows for a
high, undisrupted voltage operation of up to 2.7 V.7
However, these solvents pose several important drawbacks
such as high toxicity, flammability, and price, which can greatly
hinder further implementations in both industry and research
settings.”' ~** The use of an aqueous medium proves to be a
much better and greener alternative; however, it is
characterized by a narrow voltage window of ~1.23 20
due to the decomposition of water, which, in turn, limits the
energy stored by the device.”’ > Although numerous studies
have been done on the topic, progress related to research based
on the enhancement of the operating voltage of aqueous
electrolytes is undoubtedly lacking, and much of the focus is
directed toward the development of high-capacitance electrode
materials.>’ To increase operating voltage, potential ranges of
both negative and positive electrodes must be considered, such
as

U= AE + AE_ (2

(where U is the operating voltage, AE, and AE_ being the
potential ranges of positive and negative electrodes,
respectively). However, these are strongly influenced by the
oxygen evolution reaction (OER) and hydrogen evolution
reaction (HER), respectively, which typically lead to a narrow
stable thermodynamic potential window of aqueous electro-
lytes;;l Thus, considering this, if the cutoff value of AE, is
more positive and this of AE_ is more negative, a higher
operating voltage could be achieved. From the practical point
of view, to achieve high-voltage electrolyte, its pH must be
considered, as shown in the Nernst equation

(HER)E(y+ 1,y = —0.059 pH[V] 3)

(OER) Eyy /0, = 1.23 — 0.059 pH[V] )

where the theoretical electrode potentials of HER and OER
can be calculated. Various approaches have been proposed to
enhance this thermodynamically imposed limit. The most
common is based on the differentiation of the pH of the
solution in the vicinity of a single electrode. This is a vital
concept, as the pH of the bulk solution can differ greatly from
the pH at the surface of the electrode (as much as 4 pH
units*) due to the consumption or production of H*/OH~
during electrochemical operation.”> Additionally, the differ-

entiation of pH values at individual electrodes can be used to
establish the maximum safe voltage of the cell. It can be
visualized on the Pourbaix diagram as in Figure 1. In a fixed pH
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Figure 1. Pourbaix diagram for water.

electrolyte, the electrodes can only operate safely within a limit
of 1.23 V, while when therH is differentiated, this voltage can
be successfully enlarged.’4 The effect of buffer agents on
hydrogen adsorption and increase of pH at the interface were
studied elsewhere; however, the pH was not measured in
operando mode.*>*

So far, there have been numerous attempts to directly
establish pH at the electrode surface from computational
modeling and nonelectrochemical and electrochemical meth-
0ds.**3*7*2 Some of these methods have proven to be more
successful than others. For instance, Fuladpanjeh-Hojaghan et
al. have used a pH mapping technique in which the pH
distribution in electrochemical processes was successfully
measured at each electrode using laser scanning confocal
microscopy and various pH-sensitive fluorescent dyes.”” It was
shown that the pH at the positive electrode is lower (acidic)
due to the presence of H* and higher (alkaline) at the negative
electrode due to OH™ formation. Other techniques employed,
such as optical or some electrochemical methods, can prove
inaccurate and prone to a vast number of errors ranging from
factors such as experimental difficulties, costly and complex
equipment employed, to the problematic nature of transient
pH values during data collection.”

The results of the works presented above were promising;
however, no solid evidence was given with a thorough study on
the pH difference during electrochemical operation in a
capacitor cell. Here, for the first time, we propose a simple,
cost-effective, and accurate (within the margin of error of
approximately +0.1 pH value) operando pH monitoring at the
vicinities of the electrodes in a capacitor setting, where pH
value changes can then be quantified as a function of the
applied voltage. This approach not only allows for an accurate
determination of transient pH value changes upon polarization
at a given electrode surface but also offers a fast and direct
response with an exact pH value reading. This information can
help to further expand the current knowledge and elucidate the
role of pH changes, so that optimization and improvement
measures on EC’s operation in aqueous media can be fulfilled.

2. EXPERIMENTAL SECTION

The electrochemical system consisted of binder-free carbon electrodes
(Kynol ACC 507-20) of 10 mm diameter, anchored to the current
collector using graphite conductive glue. The carbon electrode was of
high purity, and additionally, temperature was treated at 120 °C for 2
h in a vacuum dryer to remove any physisorbed oxygen and water. Its
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final oxygen content was determined by direct elemental analysis to be
1.5%. They were soaked in a 1 mol L™" electrolyte (Li,SO,, Sigma-
Aldrich, >98%) solution. The simultaneous electrochemical and pH
measurements were carried out in a PTFE-body (1/2 inch straight
tube fitting union) two-electrode cell with stainless steel 316 L current
collectors (Figure 2). The upper wall of the fitting was adapted with a

reference pH electrode
electrode
electrolyte current collector

| ——

/ \ )

carbon electrode 4
1em

PTFE body

Figure 2. Scheme of the electrochemical setup and electrode
positioning.

longitudinal hole, where a pH sensor microelectrode and a reference
electrode were introduced. The exact positioning of the pH sensing
electrode depended on the specific measurement target and is
precisely stated in the consecutive sections of the article. However, to
fit two sensing tips, carbon electrodes were initially fixed at a 1 cm
distance from each other. Certainly, it introduced additional ohmic
resistance to the capacitor cell; however, testing the capacitor at a
slow § mV s7' scan rate or keeping it at constant polarization
(floating) at 1.6 V allowed undisturbed results to be obtained. The
reference electrode (Hg/Hg,SO,) was added to monitor the
responses of individual electrodes for direct comparison with the
pH readings. The experiments were carried out using a BioLogic
VMP3 potentiostat/galvanostat equipped with an analogue operating
amplifier for the acquisition of parallel pH values.

The evolution of gases during capacitor operation was monitored
in PAT-Cell-Gas (El-Cell) in an online mode using gas chromatog-
raphy-coupled mass spectrometry (GC-MS, Bruker). The monitored
masses were m/z = 44 and 34, assigned to carbon dioxide and
hydrogen peroxide, respectively.

The electrochemical quartz crystal microbalance (EQCM)
investigation was conducted using 1 mol L™ Li,SO, solution (pH
=7.9) as an electrolyte. The thickness of Kynol makes EQCM studies
not feasible; therefore, activated carbon (AC) YP-SOF (Kuraray,
Japan) was selected, having textural properties (micro:mesoporosity
ratio) similar to Kynol ACC 507-20. As the main goal of EQCM in
this article was to deal solely with ion adsorption and not the chemical
reactions, its surface chemistry was not considered in this experiment.
The electrodes, which were coated on the quartz crystal resonator,
were prepared in 80:20 (w/w) for an AC:binder mass ratio. The
slurry consisted of AC powder mixed with a S wt % solution of
poly(vinylidenedifluoride) (PVDF) binder (Sigma-Aldrich) in N-
methyl-2-pyrrolidone (NMP) solvent (Sigma-Aldrich). The suspen-
sion was evenly drop-casted on a quartz crystal resonator (standard
frequency 9 MHz, SEIKO EG&G, Japan) with a stainless steel current
collector (SUS304) and dried at 60 °C for 12 h. The mass loading of
the carbon coating was kept within the range of 30—60 ug ensuring a
thin and even layer. Electrochemical measurements were performed in
a poly(ether ether ketone) (PEEK) cell designed for EQCM
measurements. The working electrode was the AC-coated resonator,
placed at the bottom of the cell. Stainless steel foil was used as a
counter electrode, and a saturated calomel electrode (SCE, +0.241 V
vs standard hydrogen electrode (SHE)) was used as the reference
electrode. An excess of the electrolyte (400 4L) was added, avoiding
the presence of bubbles.

Point of zero charge (pzc) was determined in the EQCM cell via
staircase potential electrochemical impedance spectroscopy (SPEIS)
(10 kHz to 1 mHz), for which the specific capacitance values were
calculated at 1 mHz and then plotted against the varied applied

potentials. This allowed the minimal value to be determined,
representing pzc, that is, +0.2 V vs SHE.

Other electrochemical techniques included cyclic voltammetry
(CV) at 50 mV s7', to kick-start the electrochemical response,
followed by S mV s™!, where the change in resonator frequency was
simultaneously recorded by the EQCM and then recalculated into the
change in mass with respect to the Sauerbrey equation

Af = —f2-Am/N. p )

where Af is the change in frequency, f is the fundamental resonance
frequency of the crystal (Hz), Am is the change in mass (g), N is the
frequency constant for a quartz crystal resonator (Hz A), and p is the
quartz density (2.648 g cm™). Faraday’s law (eq 6) was used to
recalculate data from CV, allowing one to compare the experimental
and theoretical mass changes in the mass vs charge ratio plot

_AQM
e ©)

where Am is the change in mass, AQ is the charge exchanged (C), F
is Faraday’s constant (96 485 C mol™), M is the molar mass of ion
adsorbed /desorbed (g mol™), and z is the number of exchanged
electrons (i.e., the valence number of adsorbed/desorbed ions).

3. RESULTS AND DISCUSSION

Positioning the electrodes 1 cm apart was done not only to
accommodate the sensing electrode tips but also to ensure that
the electrolyte at the electrode vicinities was not under the
mixing conditions, so that the experiment could be carried out
in a controlled manner. Indeed, it might seem that such a
configuration differs from the real capacitor cell, where the
electrodes are tightly squeezed with the separator in between;
however, for the demonstration, proof-of-concept, and further
optimization purposes, this configuration was selected. Figure
3a shows cyclic voltammograms taken at S mV s™" during the
voltage window extension from 1.0 to 2.0 V, with a 0.2 V step.
Even though a voltage of 2.0 is considerably high for the
nonmodified system in the aqueous-based electrolyte, such a
limit was selected to observe the effects within an extended
range. Figure 3b contains the electrochemical response of the
electrodes, which was recorded in the presence of a reference
electrode. It is clear that after exceeding the thermodynamic
stability of the solvent (water), the current leaps, related to its
decomposition, appear. As the water ions take part in the
reactions, the potentials at which the reactions take place are
pH-dependent. The shaded regions indicate the limiting area
where the H,O decomposition starts within the entire pH
range of 0—14.

It is possible to calculate the theoretical equilibrium
potentials of the reactions of water reduction and oxidation
at a given pH based on the formulae in eqs 3 and 4. The initial
pH of the electrolyte is 7; however, after contact with carbon
electrodes, it changes to $.3. This immediate change occurs
due to the presence of surface functional groups. Assuming
that it remains unchanged during operation, the above
potentials should be equal to E .4 = —0.31 V and E,, = 0.92
V, respectively (dotted lines). In contrast to the just-
mentioned theoretical values, it is possible to read out the
potential of the reactions of reduction and oxidation directly
from the graph if it is assumed that the onsets of equilibrium
reactions are exactly at the potentials where the faradic current
starts to increase exponentially. Here, they are estimated to be
—0.6 and 1.0 V, respectively (dashed lines). The discrepancy in
the potential values emerges solely from the shift of
equilibrium potentials, being dependent on the proton
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Figure 3. CV characteristics of ACC electrodes in the electrochemical
cell (1 mol L™" Li,SO,) during voltage extension from 1.0 to 2.0 V:
() full cell and (b) individual electrodes. The shaded regions indicate
the possible HER and OER regions in the full pH range; dotted lines
indicate the theoretical solvent decomposition potential; dashed lines
indicate the graph read potentials.

concentration polarization. If these potentials are recalculated
into pH values using the rearranged version of eqs 3 and 4,
they will correspond to pH values of 10 and 4.6, respectively.
In the case of the negative electrode, the pH is higher by
almost S units, while in the case of the positive electrode, the
difference is not that significant. Furthermore, as might be
observed in Figure 3ab, the sharp increase in the current
values recorded at the end of the charging sweeps becomes
progressively postponed along with the extension of the
voltage, suggesting that the pH values are constantly modified,
thus dependent on voltage. Therefore, marking the vertical
lines that indicate the onset of decomposition reactions as in
Figure 3b (dotted, theoretical) makes sense only when the pH
is known at a given point of potential. It is not enough to
stipulate them only prior to the cell operation. Proper
determination of the theoretical solvent decomposition line
locations can be done only if the pH is known, that is, the
solution is fully buffered or the pH is measured in parallel.
As the pH of the neutral salt solution is susceptible to
changes, the introduction of a pH sensing probe into the
capacitor cell was necessary to indicate the pH at a given time
(potential). The measurement of pH is, of course, the same as
the measurement of the concentration of H" ions; therefore, to
ensure correct indications, the capacitor charging/discharging
rates had to be slow enough to account for ion diffusion within
the bulk of the electrolyte. This is because the ion adsorption/
desorption phenomenon at the electrode/electrolyte interface
is faster than the ion diffusion within the capacitor cell volume.
Figure 4 shows the electrode potential extrema along with pH

readings during the potentiodynamic voltage extension of the
capacitor from 0.6 to 2.0 V with a 0.1 V step.
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Figure 4. Upper graph: electrolyte pH at the electrode surfaces of the
capacitor charged to different voltages in 1 mol L™" Li,SO,. Lower
graph: measured electrode potential values and corresponding HEP

and OEP at these pH values. The dashed lines indicate the theoretical
OEP and HEP at a constant pH.

It was noted that the pH at the positive electrode
experienced progressive acidification. This effect was more
evident at lower voltages, and then it decelerated when the
voltages were above 1.0 V. It was probably balanced by the
visible pH hump at the negative electrode, which started at that
point of voltage, which is discussed below. The deceleration is
therefore related to difficulties in maintaining the concen-
tration polarization, as the pH was further from its initial value.
Namely, once the cell voltage reached 1.0 V, the pH at the
positive electrode dropped from the initial value of 5.3 down to
4, but further (from 1.0 to 2.0 V) only slightly to around 3.6.
However, one should remember that the pH is a logarithmic
unit and the real concentration changed significantly. The
overall behavior of the pH at the negative electrode is more
complex. First, the pH at 1.0 V was almost the same as the
initial pH of the electrolyte. The total change did not follow a
one-direction upward trend. Instead, the visible and significant
change started at 1.0 V of cell voltage. It reached maximum
alkalinity of 9.5 at around 1.3 V and then slightly declined to 8
at 1.7 V. Above 1.7 V, it increased back again to reach 8.5.
Considering the pH balance within the system, the irrational
change at the negative electrode can have its explanation in the
analysis of accompanying electrode reactions. Second, it may
be deduced that the pH at the negative electrode is strongly
influenced by the concentration impact of the positive
electrode or, in other words, the positive electrode domination.
After a comparison of pH behavior at both electrodes, it can be
seen that the maximum pH difference was S at a voltage of 1.3
V. Whenever there is a change in pH, the OER and HER
potentials change. The pH measurements allowed for the
actual HEP and OEP calculations to be performed (eqs 3 and
4). The calculated HEP and OEP are therefore corrected by
the factor of variable pH (the results are shown as shaded
regions in Figure 4). When the theoretical potentials of HEP
and OEP are compared with the assumption of fixed pH
(dashed lines) with the potentials of these reactions at
instantaneous pH measured at a given cell voltage, the
increasing discrepancy is noticed. Taking into account the
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terminal electrode potentials and the electrode reaction
potentials (HER and OER), the safe cell voltage limit appears
to be 1.4 V. Although the probe tip was placed as close to the
surface of the carbon electrode as possible, the distance was
still higher than the diffusion layer thickness. Different scan
rates of the experiment could result in different pH readings.
For example, lower scan rates (which give more space for
electrode kinetic-related effects to occur) would provide a
situation that is closer to potentiostatic voltage hold
conditions. Higher sweep rates would result in incorrect
readings due to cell resistance overpotential. Therefore, to
increase the data reliability, accounting for concentration
polarization and slight variations of pH during alternate
charging and discharging, it was decided to measure the pH
under conditions resembling the stationary ones. Accordingly,
it was done under potentiostatic conditions after the leakage
current leveled out, therefore, when the concentration gradient
reached equilibrium. Figure S shows pH readings during
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Figure S. pH values monitored during potentiostatic floating at 1.6 V
during (a) six potentiostatic cycles and (b) first cycle with the inset
into the charging period. The pH values of both electrodes are
represented on the secondary y-axis.

potentiostatic conditions at a cell voltage of 1.6 V. Again,
looking at the overview (Figure Sa), the pH values are more
stable at the positive electrode, exactly as it was observed
during potentiodynamic experiments. Moreover, they are
relatively stable within a single floating period of 2 h (excluding
charging and discharging periods). On the contrary, the pH at
the negative electrode exhibited more fluctuations with time
and cycle number. Once the cell was charged to 1.6 V, the pH
at the negative electrode immediately changed to the alkaline
area (pH = 11), while that at the positive electrode was
changed to the acidic one (pH = 3), as observed in Figure Sb.
Such a pH difference was kept for a short time, and after less
than half an hour, the pH difference diminished due to the loss
of alkalinity at the negative electrode. At the same time, the pH
of the positive electrode remained at the same value. This was
yet another proof that the positive electrode imposed the
negative one and finally governed the pH within the entire
capacitor cell. It is easily seen in subsequent cycles that the pH
of the negative electrode tends to increase; however, it is
probably suppressed by the impact of the positive electrode.

The decrease in pH difference could probably be responsible
for the reduction in future cell lifetime. The interesting pH
fluctuation is observed within the first seconds of cell first
charge, where the pH at the positive electrode increases, while
the pH at the negative electrode decreases (Figure 5b, inset).

The detailed explanation of pH variation at the electrodes
can be understood when considering the movement of ions
and reactions taking place at the electrode/electrolyte
interfaces. To provide a clear explanation, three scenarios
should be considered: in no cell polarization (U = 0 V), in low-
voltage polarization (0 < U < 04 V), and in high-voltage
polarization (U > 0.8 V). These are shown schematically in
Figure 6. Of course, when no polarization is applied, the ions
are randomly distributed within the electrolyte solution
(Figure 6a). When the voltage is progressively increased, the
ions tend to move according to the action of the electric field,
i.e, the positively charged cations move to the negative
electrode, while the negatively charged ions move toward the
positive one. Accordingly, the positive electrode compartment
should undergo alkalization, while the negative one undergoes
acidification. This statement finds confirmation, as observed
previously in Figure Sb (inset), where it is indeed true initially
during charging at low polarizations. The situation changes
when the potential builds up further and dielectric breakdown
of the electrode/electrolyte interface begins to occur. Electro-
chemical reactions owing to the electron transfer impose the
equilibria and, in turn, the pH at the electrodes. Again, it can
be observed in Figure Sb (inset), where the direction of the pH
changes immediately in the opposite direction.

The chemical reactions responsible for the government of
pH are listed in Table 1. Contrary to planar and noble
electrodes, the typical water decomposition electrode reactions
are modified; here, porous carbon electrodes can be partly
consumed. The general products are chemisorbed (<C—
H>,,,) or gaseous hydrogen (H,) at the negative electrode as
well as CO, or modified surface functionalities at the positive
one. As demonstrated, not only can the neutral form of water
(H,0) react as in reactions 9, 14, and 16 but also its charged
and protonated form, H,;O" (reaction 10), and the
deprotonated form, (OH™) (reaction 15). The possible
evolution of gaseous hydrogen (H,) occurs at higher
overvoltages at the negative electrode (reaction 11) or by
the consumption of the oxygen groups from the carbon surface
groups (reaction 12). The second case is confirmed by the
reduced oxygen content in the negative electrode composition
after the accelerated aging test at high voltage.”"” H,0,, on
the other hand, a common byproduct of water electrolysis,
which takes place at the positive electrode (reaction 17), can
be further decomposed into water and oxygen. Oxygen will
immediately react with carbon through two processes: in the
first, CO, is produced (reaction 18); in the other, oxygen is
chemisorbed. It has been suggested in the literature that H,O,
produced on the positive electrode might have a tendency to
migrate toward the negative electrode through a separator,
where it is consumed.”> This would explain the evolution of
CO, from reaction 13 at the negative electrode. Certainly, the
same H,0, decomposition reaction would take place as in
reaction 18 at the positive electrode. Consumption of H;O"
and simultaneous production of OH™ intensify the alkalization
rate at the negative electrode. This is why the hump at the
negative electrode pH is observed in Figure 4. At sufficient
overvoltage, reaction 12 takes place and further alkalization is
suppressed. An important observation can be made by
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Figure 6. Schematic representations of electrode/electrolyte interfaces: (a) no polarization, (b) low voltage, (c) high voltage, and (d) selected

chemical reactions taking place at high voltage.

Table 1. Electrode Reactions that Impose the pH at the Interfaces

negative electrode
H,0+C+e —» <C—-H>, +OH (9)
H,O" +2C+2¢ —»2<C~—H>y +OH™
(1n)
2 < C—Hy > +40(@carbon) - 2CO, + H,
2H,0, + C - 2H,0 + CO, (13)

(10)

2<C-Hy>—- 2C+H,

(12)

positive electrode
6H,0 + C— 4HO" + CO, +4¢  (14)
120H  +3C - 6H,0 +3CO, + 12¢~
(16)
(17)
(18)

(15)
CO, + 3H,0 - CO;*™ + 2H,0"
4H,0 - H,0, +2H,0" +2 e~
2H,0, + C - 2H,0 + CO,

combining the substrates of reaction 15 with the products of
reaction 16

9OH +2C — 2CO%" +3H,0" + 8¢~ (7)
This reaction in eq 7 can explain two phenomena: the
disappearance of the alkaline character at the positive electrode
when increasing the voltage above 0.4 V (consumption of OH™
as high as 9 moles, therefore its strong acidification) and
production of the solid-state deposit of lithium sulfate
according to the reaction in eq 8"

2Li" + CO,*” — Li,CO, (8)

All of the electron-transfer reactions mentioned in Table 1 are
not visible as typical peaks on voltammogram (Figure 3), but
rather as current leaps because the substrates for these

reactions are different forms of a solvent, which are constantly
available within the diffusion layer of the electrode/electrolyte
interface.

It was experimentally proven using the GC-MS experiment
that the chemical reactions listed in Table 1 take place under
these conditions even below the theoretical limit of water
decomposition (1.23 V). The evolution patterns of CO, CO,,
and O, gases were already presented elsewhere; however, they
were not fully discussed.” This seems possible in the case
where the internal pH difference within a capacitor cell is
against the voltage-advantage direction; the positive electrode
operates in the alkaline region, and the negative electrode
operates in the acidic region (Pourbaix diagram), which is
directly correlated with the ion separation pattern shown in
Figure 6b. This is the reason why the evolution of CO, is
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observed even at a voltage as low as 0.8 V (Figure 7). The
delay in gas release at the negative electrode is observed due to
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Figure 7. CO, evolution pattern is a fingerprint of the presence of the
water decomposition reaction. The first row shows the electro-
chemical data, while the other row shows the evolution of carbon
dioxide and hydrogen peroxide.

gas ejection during discharge at lower voltages. The evolution
of CO, at the negative electrode can be found owing to
reactions 12 and 13. The presence of CO, at the negative
electrode may also be a consequence of gas diffusion in the
capacitor cell during measurements. The signal of m/z = 34
(H,0,) was detected only at the negative electrode in the form
of consumption peaks. This confirms that reaction 13 is valid,
and, rather, all of the H,0, produced on the positive electrode
migrates from the positive electrode toward the negative one.
The unfavorable conditions emerging only from the electro-
static attraction (low pH difference) are therefore counteracted
by the chemical reactions of water decomposition. It means
that the increase of capacitor voltage becomes a self-
perpetuating phenomenon. This behavior suggests that the
adverse pH difference formed beforehand at low voltages is
responsible for the limitation of the stability window (<1.23
V), while it progressively broadens as the voltage increases.
To confirm the presence of the mentioned ions, EQCM
measurements were conducted. This technique provides
information about the ion and solvent molecule fluxes during
the charging process of the porous AC electrode. The mass
change profile and current response recorded for YP-SOF
operating in 1 M Li,SO, electrolyte at S mV s™' are presented
in Figure 8a, where a similar trend in mass change and
electrochemical response is observed for each cycle, proving its
repeatability. Because of the low carbon loading on the
resonator, the system is more sensitive to redox reactions and
electrolyte decomposition. The sharp change in the current
response observed at the terminal potentials is linked to
electrolyte decomposition reactions associated with hydrogen
storage and oxygen (carbon dioxide) evolution. Figure 8b
shows the charge-to-mass ratio plot, with theoretical and
experimental curves calculated from the Faraday law. The
slopes fitted to the experimental curves were found to
correspond to the adsorption of Li*1.5 H,O and OH™ for
negative and positive polarizations, respectively. As it is not
possible to adsorb 1.5 molecule of water, it is an average
number of water molecules coadsorbed with the lithium ions.
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Figure 8. (a) CV and mass change response of YP-SOF ina 1 mol L™
Li,SO4 aqueous electrolyte at 5 mV s™' and (b) electrode mass
change vs charge during the polarization.

The exact regions for Li* and OH™ adsorptions are denoted in
the highlighted area on the graph. To eliminate the possibility
of adsorption of other anions, a theoretical curve for bare
[804]2" was calculated, as seen in Figure 8b. The slope clearly
does not correspond to the experimental one, debunking that
possibility.

The EQCM results confirm the assumptions previously
stated for the pH changes observed on the positive electrode in
Figure S. Initially, the pH value increases, as there are more
OH™ species available near the electrode surface. With an
increase in potential, the adsorption of OH™ takes place (some
of which adsorb in the pores); thus, less OH™ is present in the
vicinity of the electrode. Simultaneously, the adsorbed OH™
ions are consumed as in reaction 15 in Table 1. This brings
about acidification, which lowers the pH at the positive
electrode.

Upon negative polarization from pzc, an increase in the mass
of the electrode can be observed, which denotes the adsorption
of the cations, with insignificant change in the population of
anions. A sharp decrease in mass can then be observed, which
might be related to (1) the simultaneous adsorption of bare Li*
and repulsion of OH™ (M = 6.941 and M = 17.008 g mol ™" for
Li* and OH", respectively), (2) repulsion of the water
molecules from the bulk of pores and simultaneous adsorption
of solvated ions, (3) desolvation of the Li* ion, or (4)
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evolution of gas bubbles, which can negatively impact accuracy
in the measured EQCM response.

For positive polarization, the electrode mass was found to
increase slightly, which denotes the adsorption of bare OH™.
Then, a decrease in mass is observed (as for negative
polarization), indicating similar behavior, where most likely
(1) a large amount of water molecules are expelled from the
pores while OH™ is adsorbed, (2) OH™ is adsorbed and
solvated Li* gets expelled, or (3) the presence of carbon
dioxide gas bubbles.

The pH fluctuations were also monitored for the capacitor in
which the carbon electrodes were positioned as close as
possible (4 mm from each other) and the pH sensing probe
was at the same distance to both electrodes, thus exactly in the
middle. Figure 9 shows the results of the pH monitoring
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Figure 9. pH value monitored during potentiostatic floating at 1.6 V
in 1 mol L™! Li,SO,, with the electrode distance reduced to 4 mm in a
pH cell.

during potentiostatic floating at 1.6 V. In this case, the pH
varies strongly between 4.8 and 8.1. Initially, the electrolyte
becomes alkaline, yet in the second cycle, it becomes acidic.
This behavior is probably found in real electrochemical
capacitors, where electrolytes from both adjacent carbon
electrodes mix easily, which in fact overlap and are subject
to mixing. Here, another proof of positive electrode acidic
environment domination is found.

The measurement of pH values at the electrodes might be
helpful for the determination of the maximum safe voltage of
the cell at which the electrode potentials remain below the
solvent decomposition onset potentials at given pH values. As
the pH difference does not increase proportionally with voltage

(which can be deduced from Figure 4), there is an optimum
voltage value, at which the pH difference is the highest. In the
case of the investigated system, it is 1.3 V. This value is close to
the theoretical value of water decomposition, with the
additional contribution of hydrogen overpotential related to
(owing to alkalization at the negative electrode) creating the
optimum environment for the high cyclability of the cell. This
may also contribute to the reduced gas production within the
aqueous capacitor cell, which normally occurs at high voltages.
The current methodology provides reliable verification of any
pathway aimed at the introduction of the pH difference.

As the results of the investigations in the test cell indicate
that the distance between the electrodes influences the pH
gradients, it has been decided to verify the concept in the real
electrochemical capacitor. For that purpose, the Swagelok cell
was used and modulated electrode distances were applied. To
be precise, it was done by employing one or multiple (three)
separator layers. As the pH gradient was strongly influenced by
the maximum cell voltage, the behavior was investigated at two
voltages, that is, at 1.3 V (where pH difference is as high as 6
units) and 1.6 V (where pH difference is 4 units). Figure 10
shows the comparison of the cyclic voltammograms recorded
before and after floating for 60 h at a voltage of 1.3 V using
different separation distances of the electrodes. Both systems
experienced aging after this floating experiment—the current
humps suggesting a reversible reaction took place and the
current leaps at the end of discharge were observed. The first
case is always observed during floating at an elevated voltage
and is related to oxidation of the positive electrode.***”~*’ The
latter case is related to the desorption of hydrogen at the
negative electrode, which was produced during the high
negative polarization of the electrode.*”®' The aging
phenomena are more evident in the cell where there was
only one separator, that is, where the electrodes were closer to
each other. It means that the electrodes positioned this way
were aggravated by the mutual influence.

Visibly, the energy efficiency before and after the test
dropped much more in the case of one separator system. All of
these additional faradic processes contribute to the pseudoca-
pacitance in the system. It is not desirable as it is related to the
aging of the system. The drop in discharge capacitance at high
voltages is equal in both cells, probably related to a
phenomenon not related to pH fluctuations in the cell but
rather due to pore clogging.*****’

A similar floating experiment was also conducted for a
voltage of 1.6 V. In fact, the aging was more pronounced than
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Figure 10. Cyclic voltammograms of the capacitors in 1 mol L™" Li,SO, recorded before and after the floating experiment at 1.3 V (S mV s™").

Capacitor containing (a) one separator and (b) three separator layers.
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Figure 11. Cyclic voltammograms recorded for capacitors in 1 mol L™ Li,SO, recorded before and after the floating experiment at 1.6 V (S mV
s™). Capacitor containing (a) one separator and (b) three separator layers.

in the case of 1.3 V. Depending on the separation, differences
might be noticed (Figure 11). This time, they are slightly less
visible than in the case of 1.3 V; however, the tendency
remained similar. Again, three separator systems retained
better performance. After floating at 1.6 V, extensive
deterioration is observed during discharge. Capacitance at
high voltages is diminished, while additional capacitance
appears at low voltages. This is caused by the fact that each
polarized electrode cannot further retain its beneficial pH
conditions due to the internal mixing of the electrolyte. Again
at 1.6 V, the energy efficiency before and after the test dropped
much more in the case of one separator system.

The process of water decomposition appears to be self-
limiting in nature (acidification at the positive electrode and
alkalization at the negative one); however, if these two
processes are not exactly balanced, one may dominate and
affect the other one. It seems to be extremely difficult to
maintain the balance; therefore, a straightforward voltage
increase above 1.3 V in aqueous-based capacitors having
nonmodified electrodes is difficult. The adequate modification
of electrodes, electrolytes, separators, or a combination of all of
those seems to be necessary.

An important aspect inherent to the regulation of separation
distance is, of course, the resistance of the electrolyte. As the
electrolyte resistance contributes the most to the total series
resistance of the cell, it might be anticipated that the higher the
distance (thicker separator), the higher the series resistance.
High-frequency impedance measurements indicated that the
series resistance (equivalent series resistance (ESR)) of cells
containing one and three separators increased twice from 0.45
to 0.92 Q. Certainly, together with distance, the electrolyte
reservoir volume is different. However, the total electrolyte
volume between the electrodes does not play a crucial role at
1.6 V polarization. First, the electrolyte is subjected to a
concentration gradient during polarization of the cell, and
second, the electrolyte solvent progressively decomposes when
it experiences excessive voltage. The former seems not to be an
issue since the concentration of the electrolyte is usually high
(at least 1 mol L") and ion depletion would not occur. The
latter can lead to electrolyte solvent depletion, an increase in
the electrolyte salt concentration, and then its precipitation
after the solubility limit is reached. The additional electrolyte
solution reservoir in the carbon porosity might be an important
property of the carbon, which can allow for a controlled
environment in the system and thus becomes handy for the
optimization of cell voltage abilities. The separation of

electrodes (and their surrounding electrolyte) can also be
done using a membrane. It was shown that it can successfully
extend the cycle life. For comparison, the electrolyte content in
organic-based capacitors found in commercial units is
extremely low (the separator can be as thin as 30 um). At
the same time, they do not require this kind of consideration,
as the organic electrolyte ensures a satisfactory voltage to be
reached, without exhibiting electrolyte decomposition redox
reactions. It puts more effort on aqueous-based capacitors to
be designed; however, by considering all of the above-
mentioned aspects, it can be equally efficient. Together with
its environmental and economic impact, it is certainly a
noteworthy challenge. For the justification of carbon electrode
role in the behavior of pH changes, a measurement with bare
stainless steel current collectors was done. As a result, the pH
at both stainless steel electrodes increased. The increase of pH
at the positive electrode was a result of OH™ ion attraction,
while the alkalization at the negative electrode occurred due to
discharging of the hydronium ions (H3;0%) decreasing their
concentration. As stainless steel is generally resistant to
corrosion in these relatively short time measurements, its
impact was not detected and studied. The long-term study of
corrosion effects is interesting and important, which opens a
new space for experiments.

4. CONCLUSIONS

The operando monitoring of local pH value changes at carbon
electrode surfaces in aqueous electrochemical capacitors has
been presented. The use of joint research techniques (pH
operando monitoring, GC-MS, and EQCM measurements)
allowed for a full description of the ion fluxes and electrolyte
pH changes in an aqueous electrochemical capacitor.

In general, electrochemical capacitors with Li,SO, solution
used as an electrolyte are recognized as “neutral aqueous
capacitors”. Our research shows that the pH changes within
the capacitor cell are dynamic and cannot be neglected. The
onset of these changes begins even at low voltages and from
the first cycle. Furthermore, they become especially important
for a deep understanding of the maximum voltage abilities of
the system. It provides insight into the aging process of
electrochemical capacitors for voltage values above the
theoretical water decomposition. The strict potential values
at which solvent decomposition takes place cannot be
calculated and defined beforehand on the basis of the initial
electrolyte solution pH measurements. It can only be a primary
approximation. The pH in the system is proton, thus,
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potential-dependent; therefore, the value of this potential is
changing depending on the voltage that is maintained by the
system. Electrode separation has been shown to have a visible
effect on the interpretation of the electrochemical results.
Electrolyte decomposition traces can be found even at a
voltage lower than the theoretical limit. The GC-MS
experiment proved that the products (CO,, H,0,) affect the
surface chemistry of the carbon electrodes by inducting the pH
changes, which are opposite to those expected from the
electrostatic attraction of ions.

The pH at the positive electrode during charging, emerging
from the accumulation of OH™, initially alkalizes. After the
critical potential has exceeded, the OH™ ions enter the porosity
and the solution in the vicinity of the electrode becomes acidic.
These findings were confirmed by the EQCM experiment,
where the recorded mass change reflects the adsorption of
OH~ instead of SO,>~ ions.

To make aqueous-based capacitors reach high voltage and
compete with organic-based capacitors, the consideration of
pH maintenance seems to be vital It is necessary to keep in
mind that the trade-off between the energy, resistance, and
cycle life is found. The higher the distance between the
electrodes, the higher the energy, but also the resistance. As
demonstrated, increasing the distance enhances the cycle life. If
one wants to obtain a high-power cell, then instead of
decreasing the electrode separation and thus resistance, it
seems more convenient to use a high conductivity electrolyte.
This will allow the same resistance to be maintained. Another
issue emerges from system mass, which is highly dependent on
the electrolyte amount and its concentration. Certainly, the less
electrolyte, the higher gravimetric energy for the system can be
obtained. The design of the perfect system should anticipate all
of the parameters mentioned.
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Motivation and Summary

Understanding the complex relationship between ions and electrode surfaces in
aqueous supercapacitors is imperative for optimizing their performance and longevity.
While electrochemical techniques such as EIS and CV can give valuable insights into
charge storage mechanisms, they fail to reveal the mass-related dynamics at the
electrode-electrolyte interface on a molecular level. EQCM studies allow for direct
monitoring of mass changes during charge/discharge processes in agueous electrolytes,

which can ultimately offer a unique perspective into the adsorption/desorption
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phenomena, ion solvation effects, and structural rearrangements: all of which influence
EC operation behavior. Current advancements in the “EQCM universe” are often limited
to ideal materials, such as graphene, MXenes and CDC which have not yet found
commercial applications. In such light, AC studies with the use of EQCM are limited,
especially when coupled with aqueous electrolytes. These processes that are taking
place during EC charging/discharging are not as straightforward: the complex structure
and surface chemistry of activated carbon electrodes play an important role and make
them more difficult to assess. Thus, the following work presents a study based on two
porous activated carbons (highly microporous and micro/mesoporous) and planar
resonators operating with aqueous electrolytes (based on neutral inorganic salts, such
aslithium sulphate and nitrate as well as redox active electrolyte) to provide insightsinto
PZC determination and ionic fluxes. In terms of EQCM, the correct determination of
PZC is of key importance, as it determines the electrode potential value at which the
formation of the EDL does not require any additional charge. It is considered as a starting
point to all EQCM experiments where it ‘separates’ adsorption of cation and anions in a
potential induced manner. So far, PZC has been evaluated using various techniques, with
CV and EIS being the most common ones. However, such approaches are not always
favorable and can pose a multitude of experimental difficulties and misleading
information, all discussed at great length in the presented article. The motivation behind
this work therefore resulted from a lack of comprehensive reports in the literature that
would discuss such matters. Moreover, this work includes factors that were considered
pivotal for PZC determination: cel// construction, reference electrode, electrolyte
concentration, choice of an electrochemical technique, influence of the applied potential
range and choice of an electrode material. This allowed for a curated guideline to be
designed, with the most favorable methodology for the determination of PZC. With
regard to electrochemical techniques used, a universal method for PZC determination
in the EQCM cell using SPECS technique was proposed, which was found to be the most
efficient due to its’ short implementation time and additional information regarding
electrochemical processes it can provide. It was also demonstrated that for aqueous
electrolytic solutions with AC electrodes the PZC should not be considered as one value,
but rather a range, thus a new term ‘range of zero charge’ (RZC) introduced and

discussed.
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1. Introduction

The point of zero charge (PZC) is a crucial parameter for investigating the

charge storage mechanisms in energy storage systems at the molecular level.
This paper presents findings from three different electrochemical techniques,
compared for the first time: cyclic voltammetry (CV), staircase potentio
electrochemical impedance spectroscopy (SPEIS), and step potential
electrochemical spectroscopy (SPECS), for two activated carbons (ACs) with
0.1 mol L~' aqueous solution of LINO;, Li,SO,, and KI. The charging process
of AC operating in aqueous electrolytes appears as a complex phenomenon —
all ionic species take an active part in electric double-layer formation and the
ion-mixing zone covers a wide potential region. Therefore, the so-called PZC
should not be considered as an absolute one-point potential value, but rather
as a range of zero charge (RZC). SPECS technique is found to be a universal
and fast method for determining RZC, as applied here together with the
EQCM. In most cases, the RZC covers a potential range from ~100 to

%200 mV and the correlation of the range with the carbon microtexture is
clear, highlighting the role of the ion-sieving effect. It is postulated that PZC
for porous materials in aqueous electrolytic solutions should be considered

instead as RZC.
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Research and development actions are
needed to support the transition to green
energy by proposing reliable energy stor-
age systems. In an electrochemical soci-
ety, there is a continuous discussion of
the superiority of devices adapted to spe-
cific applications over universal ones. This
has triggered the growing demand for
more reliable and efficient energy stor-
age devices, such as batteries or electro-
chemical capacitors (ECs). The latter offers
much higher specific power (>10 kW kg™*)
and cyclability (>10°) than current state-of-
the-art batteries,'*/ but ongoing research
is still focused on increasing their en-
ergy density while retaining their particu-
lar charge/discharge properties. Since en-
ergy in ECs is stored mainly through the ad-
sorption of ions at the electrode /electrolyte
interface in the electric double-layer (EDL),
ion dynamics investigations are in this con-
text of essential importance. The process
efficiency in ECs is largely affected by the
electrode properties and ion behavior (both in the bulk of the elec-
trolyte and within the electrode porosity).l”*! However, it is diffi-
cult to distinguish these processes on the macroscale.

ECs use highly porous activated carbon (AC) materials,
which are characterized by a well-developed surface area (>1500
m? g7'),l"*! good electrical conductivity (50 S m™),!**! low cost,*¢!
and versatile porosity.!’’! Although, recent studies have also
found that the ion adsorption process in ACs is not straightfor-
ward. This process is affected by the ion-exchange mechanism,
ion-pore size mismatch, and the ion solvation effect;'* these
all have an impact on the performance of the carbon electrode
and need to be considered. For this purpose, a wide range of
advanced in situ techniques have been recently explored, such
as electrochemical quartz crystal microbalance (EQCM),!7 18201
nuclear magnetic resonance spectroscopy (NMR),/?!-2] infrared
spectroscopy (IR),°! and electrochemical dilatometry (ECD),!*2¢I
with the ability to elucidate the charge storage mechanisms di-
rectly at the nanoscale.

The selection of an electrolyte for ECs depends on the appli-
cation and three main electrolyte groups can be distinguished:
aqueous, organic, and ionic liquid.?”! H,SO, or KOH are used
in ECs due to their high ionic conductivity, as well as serving

[9-13]
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as a good and well-understood environment for the fundamen-
tal characterization of new materials.?#?° Inorganic salts have
emerged as an alternative to highly corrosive alkaline and oxida-
tive acidic electrolytes. Due to their nearly neutral pH in aqueous
solutions, they exhibit overpotentials for oxygen (OER) and hy-
drogen (HER) evolution reactions, which extend the operational
voltage window beyond thermodynamic stability.*?! Today, more
insights into the performance of neutral aqueous electrolytes are
provided to understand their limitations and push their opera-
tion. Molecular level dynamics of sulfate-based,”*'*?! and iodide-
based systems!®*? have been successfully described. The descrip-
tion of the charging mechanism for nitrate-based or other neutral
electrolytes is still sought, despite their common use in primary
tests for new materials.| 3431

EQCM enables the electrode/electrolyte interface to be mon-
itored at the molecular level with advanced in situ tracking of
viscoelastic property changes.!'7***°l For EQCM measurements,
the correct determination of the point of zero charge (PZC) is cru-
cial because it determines the electrode potential value at which
the formation of the EDL does not require any additional charge
in a specific environment. Moreover, it influences all subsequent
electrosorption processes at the electrode/electrolyte interface
and describes the jon-sieving effect.!!*? In this way, when the
electrode is polarized outside the PZC, it will either attract cations
or anions, or repel /reorganize specifically adsorbed ions from the
electrode surface. EQCM enables the direct determination of the
type of process (adsorption or desorption) and can help to pro-
vide a description of the kind of species adsorbed. However, de-
tailed description and direct detection of ions concentration atthe
electrode/electrolyte interface can be done only using the NMR
technique. For planar (formally non-porous) stainless steel elec-
trodes, it has been recently shown that the hydration shell of the
physiosorbed species in the EDL shifts the PZC.***! In addi-
tion, the PZC of metal surfaces is a pH-independent variable,
tested for dilute aqueous solutions; nevertheless, pH influences
other reaction potentials, as they might be affected by solution
species like H* .4l When porous carbon is applied as an elec-
trode, the observed phenomenon cannot be simply discussed,
and thus PZC s one of the key parameters to enable reliable data
analysis.[?? 4571

The PZC in electrochemical systems can be evaluated using
various techniques. The most common are cyclic voltammetry
(CV) and impedance spectroscopy (EIS). Minimum current re-
sponse in CV tests using high scan rates for organic electrolytes,
i.e., 10 mV s~'3*#31 can be also verified with in situ measurement
of minimal electronic conductivity versus applied potential.*”!
For organic-based solution the minimum current versus applied
potential is easily detectable. Interestingly, reported cyclic voltam-
metry for different ECs was not always conducted directly in
3-electrode EQCM cell, but often in 2-electrode with reference
Swagelok cell.***°! EIS tests are performed at different poten-
tials (PEIS), allowing one to present specific capacitance versus
potential and to find its minimal value./***®*!] Recently, step po-
tential electrochemical spectroscopy (SPECS) was first reported
to be applied to determine PZC.1*’! Each literature study applies
one technique for the determination of PZC, and we find the
description of the experimental conditions used very scarce. No
clear evidence for a reason or purpose for application of one of
these techniques can be found in the literature up to date.
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Besides, SPECS and EQCM were already coupled to investi-
gate the manganese dioxide electrodeposition process as a probe
of capacitive behavior.*?! However, that study was not focused on
PZC determination.

In our study, we explored various techniques that could enable
an accurate and fast determination of PZC (with minimal over-
or underestimation of the PZC value). A set of comparative PZC
data was obtained on the basis of three techniques: staircase po-
tentio electrochemical impedance spectroscopy (SPEIS), CV, and
SPECS, all recorded directly in an EQCM setup, to create a ra-
tional comparison among the techniques described in the litera-
ture. The PZC value determined in the EQCM cell was compared
with the value obtained in the 2-electrode with reference electrode
Swagelok system and the 3-electrode cell, so-called volume cell,
to show the influence of cell design on the PZC value. We also
reported changes in EQCM responses for the microporous car-
bon electrode in three different aqueous electrolytes (sulphate,
nitrate, and iodide based) to represent specific EDL formation at
the porous carbon interface in the presence of water molecules
despite the presence of polarized species. The water molecules,
due to their concentration in the solution (0.1 mol L™ inorganic
salt electrolytic solutions were tested) extend PZC to a region of
zero charge, further denoted as RZC. To confirm the observed
phenomena, two microporous carbons and a planar stainless-
steel surface were tested with three selected aqueous electrolytic
solutions.

2. Results and Discussion

2.1. Point of Zero Charge Determination

To study porous activated carbons with a non-uniform and wide
pore size distribution, dilute aqueous solutions (0.1 mol L)
were selected to keep the electroactive species concentration at
a level that does not exceed the detection limits of the EQCM
used (measurable frequency change). To ensure the high appli-
cability of our study, the nonideal electrode material, with a sig-
nificant micropore volume, V,,., > 0.64 cm’ g™!, was tested—
representing activated carbons used in the full cell studies and
possible commercial devices (Figures S1 and S2, Table S1, Sup-
porting Information).

In Figure 1, the PZC values obtained by the CV, SPECS and
SPEIS techniques in the EQCM cell are compared for 0.1 mol L™
LiNO, (Figure 1a), Li,SO, (Figure 1b) and KI (Figure 1c) with
the YP-50F electrode material on the specific capacitance versus
potential plot (for detailed CV — Figure S7, SPEIS — Figure S8,
and SPECS methodology, see Supporting Information). Aqueous
electrolytes were selected due to their satisfactory electrochemical
performance at high voltages, >1.2'V, and satisfactory long-term
stability.[ﬂ,Sl,Sd]

The experimental conditions for CV (for 5 and 50 mV s,
see Figure S7, Supporting Information) and SPECS were con-
vergent, and the currents recorded from these techniques were
converted to specific capacitance. For CV, 1 mV s™' was applied
and for SPECS, E = 10 mV with t = 10 s, providing an average
scan rate of 1 mV s~'. The PZC is determined as the lowest ca-
pacitance (current) value!®! in the intermediate potential range
(directly correlated with the capacitance (C.,) calculated from
the CV technique based on Equation S2, Supporting Informa-
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Figure 1. Specific capacitance versus potential calculated from three electrochemical techniques: CV (gray shade), SPECS (blue triangular scatter), and
SPEIS (red square and green circular scatter) for YP-50F and 0.1 mol L~ electrolytic solutions in EQCM cell a) LINO;, b) Li,SO,, and c) KI. The upper
part of the plot represents the zoomed SPECS-specific capacitance versus potential in the E,;, to E,,,, direction.

tion). However, this method might not be fully accurate since the
voltammetry response is derived from the full current response,
which is also related to diffusion-limited processes and EDL for-
mation. The PZC corresponds to an electrostatic interaction be-
tween the electrode and the electrolyte (EDL formation only).
This process might not be fast enough, particularly in a porous
medium, such as activated carbons, being affected by transport-
related phenomena. Diffusion-limited processes include those
related to the oxidation/reduction of compounds and the inter-
calation/insertion and residual processes resulting from side re-
actions (such as electrolyte decomposition).**! The Faradaic cur-
rent could superimpose the EDL response, as shown in the CV
profiles (dashed black lines in Figure 1a—) near 0.15 V vs. SCE for
LiNO;, 0.15 and 0.2 V vs. SCE for Li,SO, and —0.3 V vs. SCE for
KI. This redox peak could be attributed to a redox response from
quinone/hydroquinone-type functionalities, grafted onto carbon
surface.l*! Further, as extreme potentials (E,,, and E, ;) were
approached, the box-shaped CV profile was deformed by the in-
crease in current related to the decomposition of the electrolyte.

Cspeis(imz) curves for the LiNO;-based system are not sym-
metric for both polarization directions (see Figure S8, Supporting
Information). The same situation occurs for systems with Li, SO,
(Figure 1b) and KI (Figure 1c). Furthermore, for the KI redox sys-
tem, the measurement toward E,;, was impossible to perform
correctly due to the high redox activity in the positive potential
values (> 0V vs SCE).

Unlike CV (Figure S7, Supporting Information) and SPEIS
(Figure S8, Supporting Information), which are more prone to
experimental limitations, SPECS is determined to be a promis-
ing technique for PZC identification, regardless of the experi-
ment conditions (Figure 1; blue squares); thus, universal one
for electrochemical capacitor testing. The advantage of this tech-
nique includes a short implementation step time (in this case,
1 mV s7!). Moreover, the potential shift is quite gentle and en-
ables detailed data to be recorded in the entire potential range, in-
creasing the resolution and accuracy of the recorded data. These
potential steps lead to a smooth behavior of (tentative) redox reac-
tions and balanced ion redistribution in the pores. The advantage
of SPECS over CV could be also seen in the ability to quantify the

Adv. Sci. 2024, 2409162 2409162 (3 of 10)

capacitive contribution of different charge-storing mechanisms,
including those associated with EDL formation (see Supporting
Information).[®*34]

The PZC in Figure 1 is not a specific potential value for the
ACs, with a clear inflection point on the capacitance curve. Here,
one can distinguish a wide potential range of RZC (blue region)
from —0.15 t0 0.09 Vvs. SCE, with a comparable capacitance (82 F
g™') for the LiNO, -based system (with +2% variation in the mini-
mal specific capacitance value), providing a PZC range of 240 mV.
For Li,SO,, this region is from —0.04 to 0.05 V (PZC range of
90 mV, data for two concentrations, 0.1 and 1 mol L, can be
found in Figure S9, Supporting Information) and for KI, this re-
gion is from —0.05 to 0.06 V (PZC range of 110 mV).

We propose to determine exact PZC values (if needed) in the
middle (median) of this low capacitance region, here at 0 V versus
SCE for three tested aqueous electrolytic solutions. Interestingly,
an increase in Cyppcq ;) and total capacitance can also be ob-
served in the potential region where redox processes occur (for all
tested electrolytes). Because redox processes induce charge trans-
fer with the specific adsorbed ions, they affect the formation of
the EDL itself. Furthermore, this response cannot be differen-
tiated from C,,,; An ambiguous increase in recorded current is
observed due to quinone /hydroquinone redox activity of the elec-
trode surface.

The SPECS technique provides insight into the charging
mechanism of electrochemical capacitors by differentiating the
capacitance contribution (see Supporting Information for de-
tailed information about the technique and calculations), as
shown in Figure 2.

The calculated total capacitance (C;) of the system is identical
to the C, (Figure 2) when identical measurement conditions are
maintained (in this case, the average scanning rate of 1 mV s™).
As expected for porous carbon materials, the main contribution
to C; is made by porous capacitance (C,) due to the strongly de-
veloped specific surface area of the AC used (Figure S1, Support-
ing Information). The C, curves show a butterfly shape that is
usually visible for organic systems,***"! and fast repolarization
processes are shown in the box-like shape. The share of geo-
metric capacitance (C.) is significantly lower for capacitive sys-
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Figure 2. Capacitance components were calculated from the SPECS technique for 0.1 mol L™" aqueous solution of a) LINO;, b) Li,SO,, and c) KI.

tems, that is, LiNO, (Figure 2a) and Li,SO, (Figure 2b), result-
ing from the poorly developed electrode surface in direct contact
with the electrolyte (low ratio of the geometric electrode inter-
face to the electrolyte volume). Interestingly, for the redox-based
system (Figure 2c), C, and C, are almost equal in the potential
range lower than PZC, i.e., in the capacitive region, due to spe-
cific iodide adsorption onto the carbon surface. Unfortunately,
the computational method does not allow to make such predic-
tions (calculations of C, and C,.) for the redox active region; thus,
it was not applied. In the systems studied, the smallest capac-
itive contribution comes from ion diffusion (C,), showing that
the main charge storage mechanism is based on EDL formation.
Moreover, residual capacitance (Cy) is responsible for any dis-
crepancies from the ideal box-shaped shape characteristic for a
capacitive response; the value of C, increases in the potential re-
gions where the electrolyte decomposition, specific ion adsorp-
tion, or redox processes occur. Cj, is responsible for the overall
C; cyclic voltammogram shape deviating from the ideal C, ca-
pacitive curve.

The influence of the potential range was also compared (1 vs.
1.6 V) on the PZC range for 0.1 mol L-! LiNO,. The same ex-
perimental conditions were applied in the narrow and wide po-
tential tests using the SPECS technique. CV computed for both
potential ranges do not differ qualitatively (Figure S9, Support-
ing Information). Both cyclic voltammograms represent capaci-
tive behavior, visible in a rectangular-like shape. RZC differs here
by 50 mV (Table S6, Supporting Information). This negligible dif
ference results from using fresh experimental cells for this study.
Thus, all components: carbon, electrode coating, electrolyte vol-
ume, inorganic salt impurities, etc. affect the result. Although, it
was proved that the wide voltage window, i.e., 1.6 V, for selected
experimental conditions (carbon and aqueous electrolyte) is still
stable and reliable.

Our study also included the influence of cell construction on
PZC values (see Figure S10, Supporting Information), as vari-
ous experimental approaches are used in the literature. Unfortu-
nately, a potential shift in electrochemical behavior was observed
(Figure S10, Supporting Information) and resulted from differ-
ent uncompensated resistance factors (Figure S11, Supporting
Information). In addition, it seems that tested reference elec-
trodes might influence the determination of the PZC value. It has
been proven, that in contrast to overall cell construction (volume
of electrolyte, working electrode loading, the distance between
electrodes, etc.), reference electrode has a negligible influence
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(Figure S13, Supporting Information); thus, for short-term exper-
iments, no Cl- migration from the SCE electrode was tracked.
The electrochemical tests of neutral-pH aqueous ECs were not
susceptible to the RE type. However, cell construction had a large
impact on individual electrode stability and should be considered
while determining PZC.

In particular, all tested aqueous solutions are characterized
by a wide PZC potential range (Figure 3) when determined us-
ing the SPECS method (min. capacitance value +1% or +2%,
please see Table S5, Supporting Information). The LiNO;-based
system shows mainly capacitive charge storage behavior'**°!
and also has the widest potential PZC range (~240 mV). Thus,
the region of ion reorganization/mixing is not limited by the
potential value itself, and both the Li* cations and the NO,-
anions have the same affinity for the electrode. On the con-
trary, KI is a pure redox system/**-®" characterized by a nar-
row PZC potential range (110 mV). Beyond this narrow poten-
tial range, other mechanisms occur, such as specific ion ad-
sorption on the electrode surface.®! Considering these facts and
the ambiguous Li,SO, charge storage mechanism,*!! it can be
stated that it is a pseudocapacitive electrolyte. Its PZC range
is rather narrow (90 mV), which can indicate SO,*" specific
adsorption on the electrode surface. Additionally, the SO,*~
ion flux during positive electrode charging has thus far been
excluded.**?!

The parameter that should also be carefully considered when
determining PZC is the mass loading of the electrode (Figure S4,
Supporting Information). Higher mass loading increases capac-
itance by providing more active sites for charge storage. Lower
mass loading reduces available ion interaction sites, impacting
the clear observation of the RZC. In porous materials, mass load-
ing influences ion penetration (diffusion) into the pores and EDL
formation. Thicker electrodes may experience uneven charge dis-
tribution, poor conductivity, and potential gradients, complicat-
ing the determination of RZC. Additionally, higher mass load-
ing can enhance Faradaic processes, further obscuring the iden-
tification of the zero potential range. It is also necessary to re-
member about the limitation in the EQCM system — the fre-
quency range. Too large of an electrode mass or too large of
the frequency changes during experiments (e.g., caused by a
large mass of the ions considered or too high electrolyte con-
centration) may result in the output of the registered signal
within the previously selected frequency region. Therefore, 2-
electrode systems and 3-electrode system, as well as, full cell
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studies and fundamental ones, should be characterized inde-
pendently with great caution to the limiting factor for observed
phenomena.

The determination of the RZC region in strong oxidation-
reduction systems can become less straightforward than in
pure EDL systems. In a simple electrochemical system without
faradaic processes (no redox reactions), the RZC reflects the elec-
trostatic balance between the electrode and the electrolyte. In a
system with strong redox reactions, the RZC may shift depend-
ing on the redox couples present and the pH change. Redox-
active species in the electrolyte might interact with the elec-
trode in a way that alters the effective surface charge (via spe-
cific adsorption).”®! These redox reactions influence the electrode
potential, and it might be more appropriate to consider the sys-
tem’s overall electrochemical behavior rather than isolating the
RZC. The RZC still represents the minimal electrostatic inter-
action with the surrounding electrolytic solution, but the redox
processes cause dynamic charging conditions. In systems where
the material exhibits strong redox properties and has a well-
developed specific surface area, determining the RZC is still fea-
sible (example: KI as electrolytic solution Figure 1c). The highly
developed surface of the material allows for a more precise deter-
mination of the RZC due to the distinct appearance of the min-
imum capacitance, which increases with either higher or lower
applied potential (E,,,, and E,;,). This is due to ion penetration
into the pores and the expansion of the EDL. Conversely, for
materials with less developed specific surfaces, determining the
RZC may be more challenging (Figure S14, Supporting Informa-
tion).

The width of RZC seems to also correlate to the size and charge
of the ion present in the electrolytic solution. As shown in Table 1
below, SO,2~ has not only a larger ionic radius, but also a higher
charge compared to I~ and NO,~ anions. This favors stronger
electrostatic attraction toward the oppositely charged surface of

Table 1. lonic radius and RZC for anions in electrolytes used in this re-
search.

Electrolyte Anion lonic radiusl®'€2] RZC
0.1 M Li,SO, o 0242 nm 90 mV
0.1 MLiNO, NO,- 0177 nm 240mV
0.1MKI - 0216 nm 110mVv
Adv. Sci. 2024, 2409162 2409162 (5 of 10)

the carbon electrode, resulting in increased specific adsorption,
creating a net charge on the electrode surface. Consequently, only
a small change in the electrode potential is necessary to affect
this state and push it out of the equilibrium state, resulting in a
narrower RZC.

We also believe that the effect of concentration on RZC needed
to be verified for further clarification, that’s why we have tested
1and 0.1 mol L-! Li,SO, (Figure S9 and Tables S5 and S6, Sup-
porting Information). Most of the low-concentration RZC overlap
with the high concentration solution. However, the RZC region
is highly extended due to a higher number of charges in the so-
lution able to take part in EDL formation. Thus, the higher the
concentration, the wider the RZC region. This also indicates that
each system should be treated individually, and each studied con-
centration offers additional information for other researchers.

Studies on PZC determination methods are very limited in the
literature; however, the authors usually refer to one specific mea-
surement/technique; a minimum conductance value or a mini-
mum capacitance value. At the PZC, the net charge on the elec-
trode surface is zero, and the EDL capacitance reaches a mini-
mum. Direct correlation lies in the fact that the minimum capac-
itance directly corresponds to the point where the net charge on
the electrode surface is zero. Thus, the minimum capacitance is
often used as a reliable indicator of the PZC, as it directly reflects
the point of zero net charge on the electrode surface. Similarly, at
the PZC, the electrode surface has no net charge, and the double
layer is relatively symmetrical, which can reduce the ease of ion
transport.

These values, Figure 3, were obtained by different techniques,
varying in the experimental setups and experimental electro-
chemical conditions. For the ACs studied, YP-50F and DLC30
(Figure S15, Supporting Information), the wide PZC region is
believed to result from the electrolyte /electrode interactions and
a high share of solvent molecules during EDL formation.'**! AC
has a wide variety of surface functional groups, high tortuosity,
3D porosity, and specific structure (Figures S1and S4, Tables S1,
S2, S3, Supporting Information). The planar metallic electrode
(without defects and with a low specific surface area) correlates
to awide PZC region (Figure S14, Supporting Information), such
as a wide potential window for ionic liquid on glassy carbon elec-
trodes. For the two ACs studied, the PZC region is much nar-
rower than that for the planar resonator (Figure S15, Support-
ing Information). However, for materials studied with D,0, no
difference in the RZC range is observed, confirming a particu-
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polarization toward higher potential values from the PZC.

lar electrolyte ion/electrode interaction when an inorganic salt is
present.

2.2. EQCM Data Evaluation

The previous section addressed the proper and accurate determi-
nation of the PZC. However, in addition to the determination of
PZC for 0.1 mol L' LiNO;, Li,SO,, KI, and 0.1 mol L' LiNO;
in D, O (Figure 3), the significance of these data has not yet been
quantified. Therefore, basic electrochemical tests (cyclic voltam-
metry at 5 mV s~') in combination with EQCM were performed
to study the ion flux on the carbon electrode during the charg-
ing process (validation of the experimental setup is presented in
Figure S16, Supporting Information). To interpret the influence
of the PZC value on the evaluation of the data, a Li, SO,-based
system was selected, and the data is presented in Figure 4. This
system is: i) broadly described in the literature, ii) has a complex
charging mechanism, and iii) has promising electrochemical per-
formance (very long cyclability).!*"!

After determining PZC using the techniques mentioned (aver-
age PZC = 0 V), mass change calculations were performed to es-
tablish PZC and two other artificially imposed values (PZC, and
PZC,). This results in a recalculation where the PZC is the fol-
lowing: 1) -300 mV from PZC (PZC,) and resembles the PZC de-
termined in the Swagelok cell (Figure S11, Supporting Informa-
tion), 2) PZC = 0V vs. SCE and is considered as the correct value
determined for the studied system (Figure 1) and 3) +300 mV
from PZC (PZC,). In total, this provides a wide range of poten-
tial AE =600 mV in which PZC is considered, imposed, and dis-
cussed.

In Figure 4a, the hydrogen evolution potential (HER) is shown;
the HER of this electrolyte equals —0.681 V vs. SCE, and the oxy-
gen evolution potential (OER) of this electrolyte equals +0.549 V
vs. SCE. According to Faraday’s law (Equation 1), the change
in mass (related to dissolution or deposition) is linearly corre-
lated with the amount of charge that passes through the elec-
trochemical setup. From the slopes of the mass:charge curves
(Figure 4b,c), both adsorption and desorption data show multi-
step processes ongoing at the electrode/electrolyte interface (de-
termination of ionic species is done based on Table S8, Support-
ing Information). According to the literature, one can assume the
adsorption of Li* as well as its solvated forms, i.e., Li* « 2H,0
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(with Am =42.97 u) and OH~ (with Am = 17.01 u), during nega-
tive and positive polarizations, respectively (Table S8, Supporting
Information).l*! This counter-ion adsorption/desorption process
is considered as the amount of positively and negatively charged
species in PZC can be equal resulting in a net zero charge value.
In consequence, Figure 4b shows that the adsorption process is
followed by the desorption process. In Figure 4c a two-step pro-
cess is observed only for PZC,, with an initial desorption and
then adsorption of the mass difference (15 u). For negative po-
larization, the ionic species with a molecular weight between Li*
and hydrated Li* « 3H, O are responsible for the mass change.
However, for positive polarization, where SO, or OH™ are an-
ticipated, none of these were found. Therefore, the processes that
occur at the positive electrode/electrolyte interface are not related
to single ion adsorption. This is potentially related to: the car-
bon oxidation process that can continuously occur, specific SO,*~
ion adsorption on the YP-50F electrode, SO,*~ redox reactions (to
$** and/or $** oxidation states'*'!), or ion reorganization. Thus,
the matching of ion flux for sulfate-based electrolytes is not that
straightforward.

The electrolytic solution of 0.1 mol L~! LiNO, was studied
using EQCM for the first time (Figure 5). This electrolyte has
been reported as a capacitive one (even atlow concentrations); **!
therefore, ion fluxes based on Li* and NO,~ were anticipated.

Since the negative polarization range was largely extended
from the PZC in all measurements, LiNO,-based systems dis-
play adsorption followed by desorption while approaching in-
creasingly lower potential values. When the 0.1 mol L™ solu-
tion was prepared in DI water, no NO;~ anion flux was detected
(Figure 5a), which led to the conclusion that the NO,~ anion,
like SO, 2, was more prone to redox processes than EDL forma-
tion. It seems that NO,~ is likely to be reduced (to NO, and/or
NO), due to the oxidation of carbon surface —leading to the red-
ox balance and equilibrium at the interface. It is noteworthy that
these gases have been found in another study with on-line mass
spectrometry.*! However, the same solution was prepared using
D,0 (Figure 5b) — characterized by a higher molecular weight
(see Supporting Information). In the second case, NO, ~ adsorp-
tion and desorption were recorded, accompanied by an opposite
sorption process of solvated cation (Li* » 2D,0). RZC in this case
shifts toward more positive potential values, slightly narrowing
its potential range (Figure 3) related to a lower number of NO,~
ions specifically adsorbed on the electrode surface in the pres-
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D,0.

ence of D,0 molecules instead of H,0. The solvation shell of a
lithium cation seems to be reasonable at this concentration, and
interestingly, when D, O is a solvent molecule—the solvated Li*
ions detected by EQCM have a stable solvation shell. Moreover, a
good correlation between the PZC values determined via SPECS
and SPEIS and the mass change profile recorded by EQCM can
be observed. This result further confirmed the need for accurate
PZC determination and its insight into the charging mechanism;
dividing the mass change curve correctly into different regimes
where either cation or anion adsorption is the leading process in
EDL formation. These experiments confirmed that the nitrate-
based electrolyte is capacitive, NO, ™~ ions tend to be specifically
adsorbed onto the AC surface, and that the flux of NO,~ ions can
be detected for the case where specific adsorption of nitrate an-
ion does not occur. When H, O was used as a solvent, the OH~
anion was more likely to form EDL than NO, . These results also
showed that pH, conductivity, ionic species (type and their activ-
ity), and solvent molecules influenced the charging mechanism
in aqueous-based EC, emphasizing the importance of consider-
ing each system individually, quite often in not a straightforward
way.

3. Conclusion

The PZC was determined using SPECS, SPEIS, and CV tech-
niques for water-based solutions. Moreover, the PZC meaning
for the description of the charging mechanism for aqueous elec-
trochemical capacitors exploiting AC electrodes was discussed.
We proposed a universal method for PZC determination in the
EQCM cell using the SPECS technique, leading to the most ac-
curate results, as demonstrated for sulfate- and nitrate-based sys-
tems. This revealed their charge mechanisms, which would not
have been possible using other PZC determination techniques.
We demonstrated that the PZC should be considered as an RZC
rather than one value for aqueous electrolytic solutions with acti-
vated carbon electrodes, in contrast to organic-based ECs or ECs
using well-organized electrode materials (homogenous in struc-
ture and texture).

We have proposed a guideline for future EQCM studies on
charge storage mechanisms in energy storage systems. Regard-
less of the method selected, the RZC should be directly deter-
mined in the EQCM cell. The SPECS technique is reported to
be an alternative and comprehensive method to determine the

Adv. Sci. 2024, 2409162 2409162 (7 of 10)

RZC. In addition, this method provides important insights into
the charging mechanism via deconvoluting the total specific ca-
pacitance into pore- and surface-related ones. The SPEIS exper-
iment can also be useful for the determination of PZC, but the
overall prolonged time needed to carry out this experiment can
negatively impact the electrolyte stability, especially in the EQCM
setup. It is crucial here to consider the specific capacitance calcu-
lated for the frequency determined from the Bode plot (close to
phase angle —90°) to obtain the most reliable values. In our opin-
ion, the most widely used CV technique cannot be recommended
for the determination of RZC because porous activated carbons
with a developed surface area (> 1500 m* g™') cause excessive
formation of an electric double layer, which obscures the poten-
tial at which the minimum charge specifically accumulates at the
electrode electrolyte interface.

Studies of the electrolytic solution of LiNO, show that neu-
tral, polar solvent molecules (H,O vs. D,0) do not significantly
influence the PZC region but quantitatively influence the EDL
at the electrode /electrolyte interface — affecting the charge stor-
age mechanism. In aqueous solutions NO,~ anion is specifically
adsorbed onto carbon surface, like SO,*"—proven in this study,
and I". However, the number of species included in this phe-
nomenon can be further analyzed via the application of a differ-
ent solvent, which was successfully proven with D,0 solutions.

This systematic and rational study can serve as an indication
of the correct determination of RZC and its key importance in
energy storage devices. The most valuable take-home message
from our study is to treat each system individually with respect
to the selected method and technique used. The principles and
limitations of all techniques selected must always be obeyed.
Although aqueous-based systems reveal some similarities, their
micro- and nanoscale observations show drastic differences in
their charge storage mechanism, depending on the active mate-
rial used, therefore, special attention should be paid to the inter-
pretation of the data from this medium.

4. Experimental Section

Electrodes:  Electrodes (coated on a quartz crystal resonator) were pre-
pared based on two microporous ACs — Kuraray YP-50F (Japan) and Norit
DLC Supra 30 (Cabot Carbone S.A.S.; France), denoted as YP-50F and
DLC30, respectively. Their physicochemical characterization is shown in
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the Supporting Information (Figures S1, S2, and Table S1, S2, Support-
ing Information). The texture data of the ACs are presented in Figure S1
and Table S1 (Supporting Information). The surface areas of both ACs
are similar with values of 1702 and 1780 m2 g~' for YP-50F and DLC30,
respectively. Although the microporosity volume (V,,;.,) is similar at
0.65 cm® g™, the mesopore volume (V,,,,) is three times higher for
DLC30 (0.25cm? g7') than for YP-50F (0.08 cm® g~ ). Both materials con-
sist mostly of micropores with an average diameter of 0.65 and 0.69 nm
for YP-50F and DLC30, respectively. The powder of one of the ACs and
a 5 wt.% solution of poly(vinylidenedifluoride) (PVDF) (Sigma-Aldrich;
USA) in N-methyl-2-pyrrolidone (NMP) (Sigma-Aldrich; USA) were mixed
— please refer to Supporting Information for a schematic of the resonator
coating procedure, Figure S3 (Supporting Information). The AC:binder
mass ratio in the final electrode material was 80:20. The electrode slurry
was then mixed with a magnetic stirrer for 2 h. Stainless steel (SUS304)
was used as the current collector of the quartz resonator with a standard
finish (9 MHz; 21 mm?; SEIKO EG & G; Japan). The collectors were lightly
sanded with fine-grain sandpaper prior to drop casting of the electrode
material. Mechanical treatment increases the adhesion of the conductive
glue and electrode material to its surface and reduces resistance. After sur-
face cleaning (with acetone), the collector was covered with a thin layer of
conductive glue 60 ug (0.285 mg cm~2; DAG; Henkel). The resonators
were dried at 60 °C for 12 h to evaporate the solvent. The collectors with
the conductive glue were then evenly coated with the electrode slurry us-
ing a drop-casting procedure with a wet drop mass of ~230 pg. The res-
onators were subjected to the same drying procedure as described above.
Ultimately, the mass loading of the dry carbon coating did not exceed
50 pg (0.285 mg cm™2), ensuring a thin and rigid coating layer necessary
for the EQCM application, Figure S4 and Table S3 (Supporting Informa-
tion) (to consider Saurbrey equation, Equation S1, Supporting Informa-
tion). The same electrode material was used to cover current collectors in
the Swagelok-type cell (denoted as Swagelok) and volume cell. However,
in this case, the active mass load was much higher (6.5 mg (5.75 mg
cm™2)). All the specific capacitance values discussed were related to the
active mass of the electrode material.

Elemental Analysis: The determination of the mass fractions of carbon,
hydrogen, nitrogen, and oxygen was carried out with ThermoFisher Scien-
tific FlashSmart (USA) equipment. The amount of oxygen was obtained
through direct (separate) elemental analysis. The results are the average
values of three separate analyses (Table S2, Supporting Information).

Electrolytes: The following compounds were used in the study: lithium
nitrate (LINO;), lithium sulfate (Li,SO,), potassium iodide (Kl), and sol-
vents: DI water, and deuterium oxide (D,O) with purity >99,5% (Sigma—
Aldrich; USA). Electrolyte solutions (0.1 mol L™" for LINO;, Li,SO,, and
KI) were prepared in distilled water with an electrical conductivity <2
uS cm™! (water purification system; Hydrolab; Poland). Furthermore, a
0.1 mol L~ solution of LINO, was prepared in D,O (with conductivity ca.
20 uS cm™"). The conductivity and pH of the given electrolytes are pro-
vided in Table S4 (Supporting Information).

Electrochemical Cells: The electrochemical cell consists of a
polyetheretherketone (PEEK) body with a structure adapted to electro-
chemical measurements with the implementation of EQCM (Figure S5,
Supporting Information). The resonator with an AC coating was placed
at the bottom of the cell and served as the working electrode (WE). A
stainless-steel foil was used as the counter electrode (CE) with a geomet-
rical area that exceeded that of the WE (20 cm? of CE vs. 0.21 cm? of WE).
A saturated calomel electrode (SCE; 0.241 V vs. SHE) was placed close
to the resonator and acted as the reference electrode (RE). An excess of
electrolyte (400 pL) was injected into the cell, ensuring that there were
no trapped air bubbles. In a symmetric Swagelok cell consisting of a
poly(tetrafluoroethylene) (PTFE) body, the WE and CE were separated by
two GF/A porous membranes (Whatman; USA; d = 12 mm,; thickness
260 um). For this system, SCE and Hg/Hg, SO, /0.5 mol L™ K,SO, were
used as reference electrodes. The same reference electrodes were used
for the “in-house made” volume cell (also made out of PTFE). The volume
cell provided construction conditions similar to those of the EQCM cell
(excess of the electrolyte, oversized CE, and a large distance between WE
and RE).
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Electrochemical Investigation: ~ All electrochemical measurements were
performed on a multichannel potentiostat/galvanostat VMP3 (BioLogic;
France). A QCA922 quartz analyzer (SEIKO EG & G; Japan) was connected
to a potentiostat/galvanostat using an analog +10 V BNC connection (for
monitoring the frequency and resistance change). In this way, the QCM
analyzer is controlled in the EQCM mode by the potentiostat/galvanostat
during electrochemical measurements. The measurements (CV, SPECS
controlled by chronoamperometry, and SPEIS) were conducted using EC-
Lab software (BioLogic; France).

The electrochemical stability range was selected during preliminary ex-
periments in a very broad potential range carried out in the EQCM cell
(=1.3-1 V vs. SCE; Figure S6, Supporting Information). The scan rate
(1 mV s™") was selected based on its sensitivity to all side reactions. The
limiting potential values were selected to avoid the presence of water de-
composition peaks. Registered preliminary data were not subjected to fur-
ther interpretation. For LINO; and Li, SO, tests_the chosen potential win-
dow was equal to —1to 0.6 V vs. SCE, and for KI, it was —1to 0.4 V vs.
SCE, which was consistent with other reported data.[®31:35]

On the first assembly of the EQCM system, the experiments listed be-
low were performed to determine the PZC:

1.1) 3 cycles of CV at 50 mV s~ from open circuit voltage (OCV) and
finished at OCV (system conditioning)

12) 1cycle of CV at 1 mV s~" from OCV and finished at minimum po-
tential (E,,)

1.3) Tcycle of SPECS from E,;, and finished at E, ;,

1.4) 1cycle of SPEIS from E,,,;, and finished at E,,,

Data from experiment 1.2) were used for further comparison with
SPECS and SPEIS data to specify the PZC. For further CV technique dis-
cussion, please see Figure S7 and Equation S2 (Supporting Information).
SPECS is based on a series of equal-magnitude potential steps (AE =
10 mV; controlled by chronoamperometry) with a rest time of 10 s. In the
resttime, the current equilibrium (I transient) is established for each po-
tential step. The selection of the potential step and the rest time during the
SPECS experiment is related to the conductivity of the aqueous electrolyte.
For further SPECS technique discussion, please see Equation $4 (Support-
ing Information). SPEIS begins with E = 200 mV in the frequency range
from 10 kHz to 1 mHz (sinus amplitude v, = 5 mV; points per decade
ny = 10; measures per frequency n, = 1; with drift correction). For fur-
ther SPEIS technique discussion, please see Figure S8 and Equation S3
(Supporting Information).

The second set of experiments aimed to investigate the EQCM changes,
asis listed below.

2.1) 3 cycles of CV at 50mV s~' from OCV and finished at OCV (system
conditioning)

2.2) 20 cycles of CV at 5 mV s~! in the wide potential range (second sys-
tem)

Only systems with stable performance, where the recorded resistance
change was less than +2% were considered for further mass recalculation
(AR = £2%). The mass change study using the determined PZC value
combines electrochemical data (controlled by a potentiostat, I-E curves)
and the simultaneously recorded change in the resonator frequency (mea-
sured by the EQCM, Af). The change in resonator frequency could be di-
rectly recalculated into the mass change with respect to Equation S1 (Sup-
porting Information).

Faraday’s law (Equation 1) was used to recalculate the CV data, al-
lowing a comparison of experimental and theoretical mass changes in
the mass:charge ratio plot. In this equation, AQ is charge exchanged
[C], F is Faraday's constant [96 485 C mol~'], M is the molar mass of
adsorbed/desorbed ionic species [g mol~'], and z is the number of ex-
changed electrons (i.e., the valance number of adsorbed/desorbed ions)

(D

AQ-M

Am=
m F.-z

M
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In the Swagelok cell, the potential range of both electrodes working
with 0.1 mol L™" LINO; was determined in the 2-electrode system using
CVat 1TmV s™! (5 cycles from OCV to 1.6 V; considering voltage range
from EQCM study, Figure S6, Supporting Information). The next proce-
dure involved 3 CV cycles at 1 mV s~ in a predetermined potential win-
dow (—0.86-0.74V vs. SCE) in a 3-electrode system. The experiments were
completed using 1 SPECS cycle (controlled by chronoamperometry) with
the same conditions as in EQCM. The same testing protocol, witha 1.6 V
operating voltage window, was applied to the volume cell.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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EQCM theoretical introduction

EQCM consists of a thin piezoelectric quartz crystal placed between two metal electrodes
used to apply an alternating electric field across the crystal. This causes a vibrational motion
of the crystal at its resonance frequency.'? The Saurbrey equation (Eq. S1) can then be
applied to convert the frequency changes (Af Hz) to the mass changes (Am; g). In this
equation, A is surface area of quartz crystal [m?], p is density of quartz (2.648 g cm™), uis
shear modulus of quartz (2.947 10! g cm™ s2), Afis change in frequency [Hz], and £ is

fundamental resonance frequency of the crystal [Hz].

Am-- AR (SD)
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At PZC, EDL forms spontaneously because of the natural potential difference between the
electrodes and unequilibrated surface charge at the maximum entropy state of the interface.

At this point, the highest disorder of the interfacial water is observed.3#

Thus, to quantitatively correlate the mass changes of the adsorbed ions and solvent
molecules in EQCM, PZC should be assigned in a correct manner. The determination of
adsorbed species is based on a mathematical model that results from Faraday’s law and the
mass change/charge relationship. In the case of one-element deposition or dissolution
processes on the planar metallic surfaces, the mass change can be easily correlated with

ongoing electrochemical processes.

Because PZC corresponds to an electrostatic electrode-electrolyte interaction (EDL
formation only), diffusion-limited processes such as redox reactions should be excluded
altogether. This is why the popular approach based on the determination of PZC through
measured minimum capacitance from CV (related to the semiconducting behaviour of
highly porous disordered carbons)® or SPEIS, as demonstrated in many works,*¢!! seems
confusing for that reason. Also, when PZC is established, it is not always done in the same
system as EQCM measurements.!? It can lead to a different starting point in data evaluation,
which can further cause an unrationed process description. Such a divergence can also result
from cell construction limitations: size, distance between and type of electrodes, volume of

electrolyte, and spatial organisation — what will be discussed within this manuscript.

Sylwia Slesiriska 76



Research on the electrode charging and carbon degradation in electrochemical capacitors

AC characterization
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Fig. S1. Nitrogen adsorption at 77 K (a) isotherms and (b) pore size distributions of powder

AC YP-50F and DLC30.

The textural properties of the YP-50F and DLC30 ACs are presented in Fig. S1 and Tab. S1.
Nitrogen adsorption/desorption isotherm was recorded at 77 K (ASAP 2460; Micrometrics®,
USA) to evaluate the porous texture. Prior to analysis, ACs were purged under helium flow
for 12 h at 350°C and then placed under high vacuum for 5 h. The Brunauer-Emmett—-
Teller (SSA) equation was used to calculate the surface area at relative pressure range (0.01
—0.05). Two-Dimensional Non-Local Density Functional Theory (2D-NLDFT) was applied
to determine micro and mesopore volume values. The average pore diameter was obtained
from the maximum peak value.

Tab. S1. Textural properties of AC YP-50F and DLC30 from nitrogen sorption/desorption

tests at 77 K

SSA, m? g! | Vmico, cm3 gl | Vimeso, cm? g'!
YP-50F 1702 0.64 0.08
DLC30 1780 0.66 0.25
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Fig. S2. Comparison of changes in dynamic contact angle during 300 s for H2O on YP-50F
and DLC30 based electrodes.

The contact angle measurements were performed with a computer-controlled goniometer
(Dataphysics® OCA). The carbon samples in the form of coatings on steel foil (diameter 2 x
1 cm) were placed horizontally in front of the contact angle camera. The 2 yL volume drops

of H20 were injected with speed injection 0.5 uL s! on the surface of the electrode material.

Tab. S2. Elemental composition tested by elemental analysis for ACs: YP-50F and DLC30.

Activated carbon C@) [ H®) | N(%) | S(%) | O (%) | Total (%)
Kuraray® YP-50F 96.1 0.8 0 0 2.1 98
Norit® DLC Supra 30 | 95.2 0.5 0 0 2.2 98

Based on elemental analysis (EA) data, one can see that YP-50F and DLC30 carbons are
almost identical in terms of elemental composition as presented in Tab. S2. They are equally
oxidized in bulk (72%). To test the wettability of both carbons, contact angle measurements
with H20O were performed, as described in Fig. S2. The results confirm that both carbons
display hydrophobic characteristics with almost identical wettability 46 = "3°.That would
explain why: DLC30 and YP-50F exhibit a similar PZC region in contact with the same
aqueous liquid electrolyte; however, the value of specific capacitance can be correlated with

their textural properties, and not with their surface chemistry. (Fig. S1).
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Porous electrode coatings

The resonator preparation procedure is presented in Fig. S3.

Stainless steel resonator
(SUS304; SEIKO EG&G®; Japan)

Resonator sanded

with fine-grain sandpaper | - i

@Cleaned with acetone
\ .

Conductive glue N e —
(DAG; Henkel®) -

WO n \\‘

B Drying

B | (60°C;12 h)

5 wt.% solution .

Activated carbon (AC) of poly(vinylidenedifluoride)
Kuraray® YP-50F/ (PVDF) in NMP

Norit® DLC Supra 30

AC 80:20 PVDF Mixing Drying
(2h) (60°C;12 h)

Fig. S3. The scheme of the coating preparation on the resonator surface.

SEM micrographs of prepared resonators are presented in Fig. $4.
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Fig. S4. SEM micrographs from top view a)-c) and cross-sectional d) for YP-50F coated

resonator; b) EDX mapping of C, O, F chemical elements.
Resonators are homogenous and uniform (thickness ca “35 pm). Carbon particles retain
their shape and size comparing to the pristine one. Composition of YP-50F coating on

resistor is presented in Tab. S3 below:

Tab. S3. Weight % Elemental composition of the coating from the EDX analysis

C (%) 0O (%) F (%) Total (%)
81.9 6.5 11.6 100
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Electrolyte characterization

Tab. S4. Conductivity and pH of tested electrolytes with a concentration of 0.1 mol L.

Solvent | Salt Conductivity (mS cm?) | pH
LiNOs 9.2 6.8

H>O | Li2SO4 14.6 7.4
KI 13.2 7.8

DO | LiNO:s 5.8 8.8

All studied electrolytes can be classified as aqueous neutral solutions (pH in the range of 6-
8). This implies, that balance between alkaline and acidic ionic species is preserved. Low
concentration solutions were selected based on EQCM sensitivity — therefore, conductivity
values of such solutions are rather low. pH and conductivity were measured using Seven

InLab Mettler Toledo® (USA) with appropriate sensor for aqueous solutions.

EQCM system

'

;
- 4'
reference electrode
counter electrode

(foil wrapped around RE)
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Fig. S5. EQCM cell scheme.
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Wide potential range screening in EQCM system
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Fig. S6. Cyclic voltammogram for YP-50F and 0.1 mol L! LiNOs in EQCM system at 1 mV

st

Discussion

CV technique for PZC determination

The CV technique allows to calculate the capacitance per electrode Ccvi) (according to the

equation Eq. S2, where: /- current [A], v— scan rate [mV s]).

2.1
CCV = T (52)
For aqueous based electrolytes, especially with redox-active species present, one must thus

consider applicable scan rate. Fig. S7 presents cyclic voltammograms for the same system

recorded using different scan rates, i.e., 1,5, and 50 mV s..
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Fig. S7. Specific capacitance vs. potential based on cyclic voltammetry for 0.1 mol L' LiNOs

and YP-50F at 1, 5, and 50 mV s in the EQCM cell.

The CV profile recorded at slow scan rate (1 mV s?) represented the most detailed
characterisation of the charging/discharging profile. The moderate scan rate, such as 5 mV
sl, effectively depicts pure EDL behaviour — covering all current increase points, where
certain redox/side reactions can occur. This is a satisfactory scan rate to characterise the
performance of a device, considering that EC is supposed to operate at high power/current
loads. The fast scan rate, like 50 mV s, is, however, too fast to allow any ion flux to easily
form EDL at the highly developed electrode surface area (Fig. S1) in aqueous solutions with
moderate conductivity values (i.e., low concentrations). Thus, we begin to observe
resistance components and delayed charge transfer at the electrode/electrolyte interface.
One cannot withdraw any information on the charge storage mechanism while using fast
scan rates. However, such a change in voltage/potential brings about other useful
information — not considered for PZC determination. Therefore, for fundamental studies of
aqueous electrolytes that focus on a molecular-level interaction between ionic species and

electrode surface, slow scan rates (like 1 mV s) and will be used in this study.
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SPEIS technique for PZC determination

The SPEIS technique allows to calculate the capacitance Cseeisy (according to the equation
Eq. S2, where: - frequency [Hz], -Im(Z) - imaginary Zvalue [ohm]) (example given in Fig.
S8a).

1
Csprrs) = T fIm@2)

(S3)
According to the given equation, Cseeisw is variable and strongly depends on the chosen
frequency value. Therefore, in addition to Nyquist plot (Fig. S8a), specific capacitance vs.

frequency is generally reported for electrochemical capacitors (Fig. S8b).1314
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Fig. S8. Impedance study at 0 V vs. SCE for 0.1 mol L LiNOsand YP-50F: (a) Nyquist and
(b) Bode plot (c) Comparison of capacitance calculated for 1 mHz (green circles) and

determined based on minimum Phase(Z) value (red squares).

Therefore, the selection of an adequate frequency for the specific capacitance calculation is
crucial to obtain a representative curve that allows the determination of PZC. It should be
remembered that choosing a specific frequency range does not necessarily result in an
inflection (which corresponds to PZC) on the Csrrsy curve on Cseeisy vs. potential plot (see
Cspersamiz) presented in Fig. S8c). Thus, with this technique, it is possible (with significant

error) to determine the PZC — but only for some experimental conditions. For example,
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finishing the experiment at a high frequency will only correspond to the data recording
related to the system resistance (R) (resistive response with Phase(Z) = 0°), which would
not allow for the full development of the EDL (capacitor response with Phase(Z)="-90°)
(Fig. S8b). If, on the other hand, Cseesp is calculated on the basis of the low frequency, then
apart from pure C:pz, the capacitance related to side reactions is registered. It particularly
concerns measurements in the extreme potentials, where the response resulting from
electrolyte decomposition will be additionally registered. Faradaic charging becomes more
predominant at low frequencies, whereas one must remember that the operating frequency
cannot be excessively low for capacitive charging. The optimal frequency for capacitive
charging is strongly dependent on electrode geometry and electrolyte conductivity.
Changing the direction of polarisation (£max—> Emin) results in different Cspessimrz) than those
calculated under Emin — Emax polarisation (Fig. S8c). The Czpz response should be symmetric
about the Y axis for capacitive systems. Surprisingly, upward capacitance, differences in
values, and divergence in the capacitance trend in both polarisation directions are observed,
probably because of irreversible oxidation processes that occur at the electrode/electrolyte
interface at relatively high potentials (close to the oxygen evolution reaction — OER).
Nevertheless, there is also another possibility to indicate PZC from SPEIS more accurately.
Cepr can be read from the Bode plot (Cspersiminrhasezy; Fig. S8b). As already mentioned,
Phase(Z) = -90° and 0° correspond to an ideal capacitor and resistor response,
respectively.!” Under real conditions, the pure Czpz can be read from the closest point to
Phase(Z)=-90° (inflection point). By this method, it is possible to accurately determine Czo:
recorded for the minimum Phase(Z) value, but not without any problems. Firstly, it is
necessary to prepare preliminary experiments (a trial setup), for which the frequency range
will be selected with an inflection of Phase(Z) close to - 90°. A standard frequency range of
100 or 10 kHz to 1 mHz may not result in the Bode plot bending near phase (Z) = -90°.
Furthermore, one needs to increase the number of points collected (by decreasing AE) in
the tested potential range to obtain representative results with a clear minimum Czoz on the
Cepr vs. potential plot. Furthermore, the greater the accuracy of data collection (at a given

potential step), the longer the total time of SPEIS experiment (for each potential step it can
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last from a few minutes up to a few hours). For example, for the aqueous based systems
presented in this study, single impedance (at given potential) was recorded for 34 min. Such
a long holding time of a given potential step (especially in the extreme potentials) in the
EQCM system, results in the electrolyte decomposition and its evaporation. At the same
time, AE'=0.2V chosen here, for each PEIS measurement, leads to an incomplete spectrum
in the investigated potential range; however, this is a compromise between the overall
experimental time and the number of collected points. Another disadvantage of the step
potential shift is the abrupt occurrence of potentially occurring reactions (e.g., redox) and
the lack of time for the ion reorganisation participating in EDL formation. The gradual
change of the potential has a better effect on the stabilised reorganisation of the charge on
the surface of the electrode material. Such charging procedure differs from those in
commercial systems, where the charging process is constant. However, apart from those
disadvantages, it seems that the PZC value is more realistic when considering the minimum
capacitance based on the minimum of Phase(Z) instead of the lowest frequency value. More
observations have been discussed for Cspeismin.rrasez)) and Cseesiumiz) for different types of

electrolytes in the subsequent part of the article.

SPECS technique for PZC determination

SPECS technique allows to separate the total system capacitance (C7) calculated at a given
potential step into individual capacitances corresponding to: EDL capacitance component
Cror = Cp + Cc (pure capacitor response) part of the porous (Cr) and geometrical (Cc) area of
the electrode. Moreover, it is possible to separate capacitance resulting from ion diffusion
(Cp) and residual capacitance (Ck) mainly related to redox and side reactions (e.g.,
electrolyte decomposition). In summary, Crcan be described as Cr= Cr + Cc+ Cp + Cr. By
dividing the area of individual current curves I», Is, In, Iz [fAr A s] registered at each
potential step by A and the mass of the electrode active material, it is possible to obtain
individual values for the specific capacitance.'® A detailed description of this technique can

be found in the article presented by M. Dupont and S. Donne.
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The specific capacitance of the individual components (Cr, Cp, Cg, Cp, Cr) obtained by the

SPECS technique was calculated according to equation below.

C= AL (S4)

where: C  —specific capacitance of given component [Fg!]
A —surface area under given calculated current curve [As]

M  —mass of active mass (g]

AE - potential step (0.01 V) [V]

Minimal specific capacitance variations

Tab. S5 PZC region for Li>SOs depending on the concentration and minimal specific

capacitance variations.

Emin vs. SCE, V Emax vs. SCE, V AE, mV
0.1 mol 1! -0.02 +0.01 30
+1%
1 mol L! +0.05 +0.23 180
0.1 mol 1! -0.04 +0.05 90
+2%
1 mol L! +0.01 +0.32 310

In Tab. S5 two different concentrations are compared 0.1 and 1 mol L for Li2SO4 and in
addition, two specific capacitance ranges for minimal value, +1 or +2%. One can observe
that the higher the specific capacitance deviations, the wider the RZC. We opt that +1% is
not a sufficient range to consider for porous AC electrodes, especially for samples with
quinone/hydroquinone redox pair activity. What is important to note is that the higher the
electrolyte concentration, the wider the RZC. It is related to the number of charges
accumulated at the electrode/electrolyte interface and in effect, wider potential zone of ion
permselectivity failure of porous electrode. We assume that more porous electrode material

could lead to the extension of RZC for specific concentration of aqueous solutions. Higher
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aqueous solution concentration causes slight shift of RZC towards more positive potential
values, what is caused by a higher quinone/hydroquinone redox peak activity at ca. 0.15 V

vs. SCE in Li»SOu.

Considering all above-mentioned observations, we do postulate that capacitance variation
+2%, which corresponds to "1 F g! difference, is a reasonable potential range for a porous
electrode material. Knowing experimental conditions and mathematical calculations, bigger
accuracy of specific capacitance values is meaningless. Surface functionality redox reactions
are very sensitive to aqueous environment, thus, selection of PZC instead of RZC can be
fraught with more error and difficulty, which proves non-universality of this property for
porous carbon materials. Additionally, porous electrode materials owing to their developed
textural properties should be combined with diluted aqueous solutions to preserve required
experimental conditions for Saurbrey equation application (AR < 2%) which can be

observed in the literature data presented in Fig. 3 (diluted solutions are mostly discussed).
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Fig. S9. PZC determination from specific capacitance vs. potential for Li>SOs in two

concentrations: 0.1 and 1 mol L.
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Tab. S6. Ionic radius and RZC for anions in electrolytes used in this research and RZC

(taking into account minimum capacitance value +2%).

Electrolyte | Anion | Ionic radius!'%!¥ RZC
0.1 M LizSOs | SO4* 0.242 nm 90 mV
1 M Li2SO4 SO 0.242 nm 310 mV

Influence of the applied potential range on the position of PZC
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Fig S10. Influence of the applied potential range on the position of PZC in the 0.1 mol L
LiNOs electrolyte in the EQCM system.

Tab. S7. RZC for LiNOs studied in a narrow (4£=1 V) and a wide (4= 1.6 V) potential

window.

Emin vs. SCE, V Emax vs5.SCE, V | AE, mV
AE=10V -0.07 +0.12 190

AE=16V -0.15 +0.09 240

Cell construction for PZC determination

It is also vital to highlight the influence of the cell itself on the determination of PZC. We
have demonstrated that if PZC is obtained in any other setup, i.e., such as Swagelok cell or

volume cell, it will differ greatly from PZC in the EQCM cell (Fig. S11).

Sylwia Slesiriska 89



Research on the electrode charging and carbon degradation in electrochemical capacitors

400 ——————t © 400 . ——
-1 Lt
o (a) Swagelok 1MV'$ 2 (b) S
() c < N T
% 2001  Volume cell % 200+ Volume cell é Q'E Swagelok -
I} (] o
.G _I ....................... ‘
@© = +
s ° IS IR S O 1 I
g o e
) =
= o 1
[3) g_ (
g 200+ g 200+  \EQCM
« B
T
o
-400 f } } } } f £ -400 f { t f t f
-1.2 09 -06 -03 00 03 06 09 A -12 09 -06 -03 00 03 06 09

Potential vs. SCE (V) Potential vs. SCE (V)
Fig. S11. Comparison for Swagelok (red line), EQCM (blue line), and volume cell (green
line) (0.1 mol L! LiNOs electrolyte and YP-50F) of (a) specific capacitance vs. potential —
CV experiment at 1 mV s and (b) PZC and PZC region from SPECS experiment.

Electrochemical stability for the EQCM and the Swagelok cell differs by ca. 200 mV. This
potential shift can be minimised using a similar component ratio as in the EQCM cell
represented in the volume cell (WE to CE geometrical surface ratio, excess of electrolyte,
CE electrode type). Fig. S11a presents the specific capacitance calculated from the cyclic
voltammetry data for a scan rate of 1 mV s in predetermined potential windows in the
given systems. Measurements were made by repolarisation of one electrode in the wide
potential range. CV plots for volume cell and EQCM overlap their potential range; however,
the EQCM curve represents the highest extent of details (redox contribution). Fig. S11b
presents the differential specific EDL capacitance ( Cseecsizpr) = Cp+ Co) calculated based on
the SPECS technique and is presented in the same graphical representation as in Fig. S11a.
The Swagelok and EQCM/volume systems are incomparable because of the mutual shift of
the electrochemical stability range, and consequently, the PZC. The ohmic drop associated
with the varied distance between RE and WE was initially taken as the cause of the

potential shift in Swagelok (Fig. S12). However, this does not seem to be an issue.
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Fig. S12. Comparison of uncompensated (Ru.) resistance between working and reference

electrode for Swagelok, EQCM, and volume cell.

Measurement of uncompensated (R.) resistances was conducted in 2-electrode
configuration (in Swagelok, EQCM, and ‘in-house made’ volume cell) between working and
reference electrode using current interrupt (CI) technique. Applied current density was 0.1
A gt with 80% compensation on Ru, where average values were determined on three cycles.
Ru has values: 1274 ohm — Swagelok, 2171 ohm - EQCM and 22781 ohm — volume cell. It
shows that the less confine system (large WE and CE distance, excess of electrolyte etc.)

leads to higher uncompensated resistance value related with system design.

Although the volume cell has a much higher (several times) uncompensated resistance (Rx)
value than the EQCM cell, the operating potential range of both systems is identical. For
EQCM and Swagelok, the difference between Ru-rqcu and Ru-swagelok is less than two times,
yet there is a big difference in the electrochemical stability of both systems. It is well known
that the potential range is dependent on the pH of the electrolyte. Therefore, the possible
effect of pH changes resulting from migration of Cl- ions from SCE to Swagelok was
considered and verified. However, this possibility was debunked (Fig. S13). In tight systems
(without excess of electrolyte), such as Swagelok, the pH can change directly after

immersion of the electrode in the electrolyte (without polarisation). This can acidify the

Sylwia Slesiriska 91



Research on the electrode charging and carbon degradation in electrochemical capacitors

medium at the vicinity of the electrodes and is thus the only explanation for the observed
shift. For systems with high CE/WE ratio and an excess of the electrolyte such as EQCM
and volume cell, this phenomenon is limited. The pH adjustment in such systems is much

more efficient because of the facilitated diffusion.

The difference in the value of PZC between Swagelok and other systems (EQCM and
volume cell) with 0.1 mol L! LiNOsand YP-50F is significant (4£'= 0.28 V) and can lead to
misinterpretation of the data. The potential range for the EQCM (blue line) and volume cell
(green line) is identical, which stems from a similar design in both systems (large electrolyte
excess and asymmetry between WE/RE). In both cells, the PZC is shifted towards Emax and
divided the entire potential window (1.6 V) into given potential ranges A£(+)= 0.6 V and
AE(-)=1V in EQCM and 4E(+)=0.48 V and 4£(-)=1.12 V in volume cell. In the Swagelok
cell, PZC is shifted towards Enri» and the individual ranges are A£(+)=1.02 V, and 4E(-) =
0.58 V. Therefore, one can see that even for the capacitive symmetric system (Swagelok
cell), the potentials are not divided equally for positive (WE) and negative (CE) electrodes.
The construction of the system (size, volume, pressing, etc.) influences the operating
potentials of the electrodes. The ohmic drop is a value that can explain this difference. The
Ohmic drop is the amount of potential that is lost on the way from the reference electrode
to the working electrode and results from the Ohmic resistance between the working
electrode and the reference electrode — denoted as Ru. The distance between the electrodes

and the conductivity of the solution can thus largely influence its value.

In addition, this non-uniform potential difference between two symmetrical electrodes
informs about varied dominant processes during EC charging. Especially on the microscale
at the electrode/electrolyte interface, where the equilibrium state cannot be taken for
granted for the same system composition (YP-50F + 0.1 mol L' LiNOs) but varies
accordingly with the system construction and size. Similarly to the EQCM system, redox in
Swagelok induces an increase in the EDL capacitance but in a much wider range of

potential. What was noted was that the redox response is not visible in a volume system at
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all as the probability of the gaseous side products to evolve is higher than their interaction

within confined electrode porosity.

Reference influence on the electrochemical operation
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Fig. S13. (a) Difference in potential shift (for 1.6 V) in 3-electrod and (b) 2-electrode
configuration using SCE and Hg/Hg2S04/0.5 mol L' K2SO4 as a RE in 0.1 mol L LiNOs-
based Swagelok system with YP-50F.

Comparison in Fig. S13a presents the shift in the potential of positive (red lines) and
negative (blue lines) electrode for the Swagelok system with 0.1 mol L! LiNOs, when SCE
(solid line) or Hg/Hg>SO4/0.5 mol L! K2SO4 (dashed line) was used as the RE. The potential
range was determined using CV with a scan rate 1 mV s to 1.6 V (black line). Fig. S13b
shows specific capacitance (calculated based on CV) for previously mentioned systems and

previously determined potential ranges (with the repolarisation of one electrode).

The suspicion of a potential shift in the Swagelok relative to potentials of other systems
(EQCM and volume cell) was the possible migration of Cl-ions (as a result of a concentration
gradient) from RE into the tested system. This migration of ions could induce a change in
the electrolyte pH, and consequently, would lead to a change in the potential range of both

electrodes. To eliminate this possibility, the SCE electrode was replaced with Hg/Hg>SO4/0.5
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mol L K>SO4. Salt bridge was used to avoid possible ion migration between the reference

electrode and the electrolyte bulk.

The change of RE does not shift potential range towards negative values (comparable to
EQCM and volume cell). It can be concluded that the type of RE does not affect such a
significant shift of the potential observed in Fig. S13 in Swagelok in comparison to the
potential range of the rest systems. The use of Hg/Hg:SO4/0.5 mol L! K>SOs shifts the
potential even more towards positive values. The difference between the systems (with RE
Hg/Hg>S0O4+/0.5 mol L! K2SO4 vs. SCE) is 60 mV. In this case, the potential shift in Swagelok
in comparison to EQCM or volume cell results from the design of the cell, not from the pH
changes caused from migration of ions from RE (even though Swagelok contains the lowest
ratio of electrolyte volume to electrode mass). The close contact of both electrodes, their
similar size and mass, and the much smaller volume of electrolyte than in EQCM/volume

cell affect the susceptibility of the Swagelok to local pH changes, thus potential shift.

PZC determination for planar resonator and AC coatings

Another interesting aspect seems to be the determination of the PZC for the EQCM system
with a resonator not covered with the carbon material (Fig. S14). It is challenging to
determine PZC for D20, H20 and 0.1 mol L! LiNOs based system with a planar resonator.
For D20, a very wide range (70.8 V) of minimum capacitance can be observed; for which it
is impossible to determine one PZC value. However, for systems with H2O and 0.1 mol L!
LiNOs, two local minima of the capacitance were registered. Most likely, a minimum close
to 0 V vs. SCE is a region of the PZC, but it cannot be stated with certainty. These tests
show that PZC is a unique property of the electrode material with a developed texture and

a broad surface chemistry in contact with the liquid electrolyte.
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Fig. S14. Specific capacitance vs. potential for EQCM system with steel resonator (planar)

and D20, H20, and 0.1 mol L! LiNOs as electrolyte.

In the second part of the study, the influence of AC used as electrode material was compared
in the PZC region (in the EQCM system with D20 as electrolyte) was compared (Fig. S14).
The location and width of the PZC region (0.02 — 0.9 V vs. SCE) are identical, despite the
different structural and textural characteristics of both materials. However, there is a
difference in capacitance obtained with the SPECS technique; DLC30 based system has
higher capacitance compared to YP-50F (Fig. S15). Interestingly, the biggest difference in
capacitance is observed in the PZC region, while it decreases as extreme potentials are
reached. This behaviour is due to the difference in the availability of the porous structure
of both materials for any charges coming from the electrolyte. In the PZC region, the
driving force (potential value) for ion adsorption is low. The surface, which is readily
available for the electrolyte (including mesopores), is mostly charged with ions. The amount
of charge adsorbed by DCL30 is greater due to the wider pore distribution range than YP-
50F (Fig. S1b). In the Enax and Emin regions, the driving force of ion adsorption is large
enough to draw the ions into the microporosity structure. The capacitance is equal in these
regions for both materials. This proves that the same amount of charge is adsorbed in the

microporous structure for both tested materials.
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Fig. S15. Comparison of PZC region for EQCM system with YP-50F and DLC30 as electrode

material (with D20 as electrolyte).

EQCM system verification — comparison to literature data

First, in order to verify the operation of the EQCM system, redox electrolytes have been
tested, namely: 0.1 mol L KI and 0.1 mol L' RbI [8] — presented in Fig. S16. Cyclic
voltammograms present typical iodide/iodine redox activity in the positive potential values.
The system with KI electrolyte was tested in a narrower voltage window to resemble
experimental conditions as for other capacitive electrolytic solutions tested (LiNOs and
Li2SOs4). 0.1 mol L! Rbl is not a main electrolyte studied here, it was used for comparison
and validation purpose, i.e., feasibility test to the reported literature data. [8] The mass
change calculated for these two redox-based systems shows similar hysteresis loops in the
range of the redox activity potential. Hysteresis loop, especially while ending at the higher
mass change, informs about species trapped in the electrode pores. As gas formation in the
I> form is assumed for such a concentration (0.1 mol L'! MI, M = K, Rb*), these small gas
bubbles can be trapped in the narrow pores and the number of active species at the
electrode/electrolyte interface will decrease with time. Moreover, the iodate-based
precipitation can be observed over a limited lifetime of iodide-based EC.!” The curves
presented (specific capacitance and m as a function of potential) show that electrode
coatings prepared on EQCM quartz crystal resonators work in a stable manner and can be

further used for PZC discussion (ARrsr= ARxi= +1%).
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Fig. S16. Cyclic voltammetry 5 mV s with normalized mass change for EQCM system with

0.1 mol L! electrolyte: RbI (violet) and KI (black) and YP-50F.

Tab. S8. Molar mass of ionic species and molecules possibly present in the 0.1 mol L Li>SOs.

Molecule/ Molar mass Negatively charged | Molar mass
ionic species g mol! species g mol-!

H,0 18.02 Li* 6.94 o 16.00
co 28.01 Li* - H,0 24.96 OH- 17.01
0, 32.00 Li* - 2H,0 42.97 OH - H,0 35.02
co, 44.01 Li* - 3H,0 60.99 OH-- 2H,0 53.04
Li* - 3.5H,0 69.99 OH-- 2.5H,0 62.05

Li* - 4H,0 79.00 OH-- 3H,0 71.05

Li* - 4.5H,0 88.01 OH-- 4H,0 89.07

Li* - 5H,0 97.02 OH-- 5H,0 107.08

H* 1.01 OH-- 6H,0 125.10

H*: H,0* (50 : 50) 10.02 OH- - 6.5H,0 134.11

H,0* 19.02 OH-- 7H,0 143.11

OH- - 7.5H,0 152.12

OH-- 8H,0 161.13

80,2 : OH- (50 : 50) 56.53

SO, 96.06

S0,%, OH- 113.07

S0,2H,0 114.08

D20 as a solvent

Furthermore, D20 solvent (£ = 60; 1.87 D) was used for LiNOs salt to see its influence on
EDL formation compared to the water molecule (&= 80; 1.84 D). D20 molecule has lower
hydration affinity (¢), as it does not create hydrogen bonds as easily as a H20 molecule.
Moreover, D20 molecule is slightly more polar than H2O and denser, therefore can affect

EDL at the electrode/electrolyte interface, leading to a narrower PZC region. If min. specific
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capacitance will be considered as one value, it divides PZC region in half. However, to the
best of our knowledge, the PZC region discussed here informs about the perm-selectivity
failure of electrode material in contact with a specific liquid electrolyte. Therefore, as
discussed in the literature, this region should be excluded from ion flux divagation. In the
further section, we will prove this and explain the implication of incorrectly assumed PZC

value on the charge storage mechanism description.
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Motivation and Summary

The promise of LICs lies in their ability that combines both characteristics of high-power
ECs and high-energy LIB. Therefore, understanding and mitigating the inevitable
process of aging becomes necessary to ensure their long-term viability and reliable
performance, especially if one considers their use in potential applications, such as

electric vehicles (EVs (which are quite demanding). Carbon electrode is employed as a
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capacitive charge storage component in LICs due to its characteristics such as high SSA
and porous character. However, this also makes it susceptible to a variety of aging
pathways related to electrolyte decomposition, surface oxidation and structural
changes. More specifically, the high SA of carbon electrodes can promote electrolyte
decomposition, leading to the formation of by-products that can then block its porosity
and cause a loss of capacitive performance and increase in resistance. In such light,
studies based on the ageing of porous carbon electrodes in LIC are an imperative
component that can elucidate the mechanisms governing its performance decline. Such
an approach can ultimately enable the development of tailored strategies that will
enable more reliable and efficient device operation. The following article focuses on the
degradation mechanisms of porous carbon electrodes in LICs performed during floating
experiments and elucidates the related aging pathways at elevated voltages (4-4.6 V).
The proposed approach utilized a half cell configuration, which was deliberately selected
as toisolate the processes that take place at the electrode of interest (AC). Although full
cells are more representative of ‘real-world’ applications, half-cells offer a valuable tool
for understanding the fundamental processes. Additionally, the effect of a binder was
removed through the use of the binder-less electrode (microporous carbon cloth). The
application of various physicochemical post-mortem analyses (TPD-MS, Porosity
measurements, EA, XPS, Raman Spectroscopy) allowed for a thorough investigation to
explain the causes behind the performance fade in the studied systems, permitting
various data to be acquired regarding changes that occur to the carbon electrodes.
Ultimately, it was evidenced that (i) an increase in applied voltage results in faster
degradation and that (ii) depending on the maximum voltage applied, the systems
reached different end-of-life criteria. For systems floated at 4 V, simultaneous increase
in resistance and decrease in capacitance was noted, whereas for 24.2, a more
pronounced increase in resistance was evident. Moreover, when higher voltage is
applied (24.2 V) it promotes oxidation and carbon functionalization, which explains the

observed resistance decrease.
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ABSTRACT: This paper reports on several mechanisms of carbon
aging in a hybrid lithium-ion capacitor operating with 1 mol L™
LiPF¢ in an ethylene carbonate/dimethyl carbonate 1:1 vol/vol
electrolyte. Carbon electrodes were subjected to a constant
polarization protocol (i.e., floating) at various voltages and analyzed
postmortem via several complementary techniques. The selected
protocol was able to simulate the behavior of the real system. Due
to the use of metallic lithium as the counter electrode, the influence
of battery-like aging mechanisms was assumed to be limited. Our
approach focused on the aging mechanisms related to the carbon
electrode and determined the structural and chemical changes ;
leading to energy fading in lithium-ion hybrid capacitors. It was % =rpgge seapiaes
shown that an increase in applied voltage not only results in faster

system degradation but directs the aging chemistry to different pathways: at moderate voltage values, both capacitance loss and
simultaneous increase in resistance predominate. This could be associated with the decrease in carbon surface area and possible pore
clogging with by-products of electrolyte degradation and carbon oxidation disrupting the C sp> network. When high voltage is
applied, further oxidation of carbon occurs with an increase in measured resistance that leads to the relevant end-of-life criterion to
be reached. Detailed postmortem analysis results attributed it to the formation of phenol and ether groups together with electrolyte
decomposition products, higher oxidation levels, and structure degradation. It was evidenced that the decrease in the overall carbon
conductivity and, in certain cases, modification of the textural properties ultimately aggravates the capacitor performance.
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1. INTRODUCTION

From an industrial application point of view, porous carbon-
based electrochemical capacitors (ECs) and Li-ion batteries
(LiBs) are the most advanced technologies to date. ™ The
principles of operation of ECs and LiBs significantly vary. ECs
utilize physical charge storage processes rather than chemical
processes (as in LiBs); thus, the processes occurring are much
faster and reversible, providing higher power density and much-
improved cyclability (>10° charge/discharge cycles).”™ How-
ever, the EC’s energy density is much lower than that of LiBs.
Therefore, the emergence of new technologies, such as hybrid
capacitors (e.g, Li-ion capacitors (LiCs’)), can benefit from
both systems, where the specific and volumetric energy densities
can be significantly increased (12—15 Wh kg™)'®"" while
maintaining the high power and long-life characteristics of
ECs.12-14

LiCs typically consist of one Li insertion material (e.g,
Li;V,(PO,)s, LiyTisOy,) and high surface area materials (e.g,
activated carbon) as electrodes.™'* To provide the long-term
operation of these technologies, it is necessary to understand
their degradation mechanisms. Although numerous studies have
focused on the mechanisms of aging and proposed improve-

© XXXX The Authors. Published by
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ments in LiBs and ECs,"*"*? limited work has been done in this
area for LiCs, especially in terms of the aging of porous carbon
electrodes. There is no doubt that the performance and
longevity of LiCs are influenced by many factors: degree of
prelithiation, operating temperature, applied electrode potential
window, type of anode material, and instability of the lithiated
anode, but their severity has been scarcely elaborated.'*'>**2°
Most research to date reports the growth of the solid electrolyte
interphase (SEI) as the main aging mechanism in LiBs and LiCs,
which can be addressed via an oversized negative electrode;
however, this does not completely suppress t.''"'® Growth of the
SEI on the surface of the negative electrode can increase its
resistance, leading to a change in the potential of the positive
electrode that can potentially generate LiF on the negative
electrode above potentials of 4 V vs Li/Li*.'” Current aging
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studies on LiCs, e.g., when high voltage was applied with liquid
and gel polymer electrolytes, reported degradation related to
mechanisms occurring at the electrodes rather than those of the
electrolytes.”” Other works report that the aging mechanisms
strongly depend on the state of charge, especially concerning the
negative electrode, where the growth of SEI was found to
increase with the increase of the state of charge.g

Because LiCs combine LiB and EC electrode materials, aging
can display similar characteristics to those found in electro-
chemical capacitors. In either an organic or an aqueous medium,
this is related to the degradation of the positive electrode. In
both cases, the measured Brunauer—Emmett—Teller (BET)
specific surface area of the positive electrode after aging is
significantly affected and reduced.'® ***73% Ultimately, the
aging mechanisms of both electrodes would be complementary,
and depending on the selected conditions and materials used,
the aging mechanisms could vary and prove to be rather complex
in nature. In that light, exploration of various experimental
“scenarios” could bring about new knowledge, which seems
promising for future optimization of these devices.

Carbon electrode aging can be achieved by applying different
aging protocols, such as galvanostatic cycling or voltage holding
tests, ie., ﬂoatin%; these protocols are already widely described
in the literature.”™ "3 Cycling stability tests are often evaluated
by recording several thousands of galvanostatic charge—
discharge cycles and are rather straightforward. Compared to
floating tests (potentiostatic hold), they are, however, time-
consuming. For example, in commercial electrochemical
capacitors, 20% capacitance loss is observed after approximately
500 000—1 000 000 cycles.**** In comparison, when tested in
potentiostatic mode, a device based on organic electrolyte
(TEABF,/AN) suffered a 30% capacitance loss after 30 h and
required 10 000 cycles during cycling tests to reach the same
criterion.*” Additionally, it was shown that cycling and floating
have varied influences on the time of operation, structure of the
electrode, and resistance of the total cell in aqueous media.”’
The former induces changes in the carbon structure with an
insignificant influence on the measured resistance, whereas the
former accelerates degradation. The latter is also termed
“accelerated aging” due to the extended exposure time at high
voltages in comparison to cycling; cycling is a reliable and time-
efficient method of examining the state of health (SOH) of many
energy storage devices, including LiIC."™" To effectively
monitor the process, both the loss of capacitance and the
increase in equivalent series resistance (ESR) need to be
simultaneously monitored during operation. According to the
international standard (IEC 62391-1),”° a system failure is
reported when the initial capacitance drops below 80% of its
initial value or when the ESR has increased by 100%.

In this work, we report on the degradation mechanisms of
porous carbon electrodes in LiCs at different elevated voltages:
4.0, 42, 44, and 4.6 V. The research was carried out with the
application of a binder-free Kynol 507—20 activated carbon
cloth as the working electrode and a typical LP-30 (1 mol L™
LiPF, in an ethylene carbonate/dimethyl carbonate 1:1 vol/vol)
electrolyte designed for Li-ion batteries. The proposed half-cell
configuration allowed the isolation of the fundamental processes
occurring at the carbon electrode only. This eliminated the
complexities introduced by a full cell. Thus, a detailed study of
the aging mechanisms associated with that specific electrode was
achieved. The combined information gathered from post-
mortem analyses, including elemental analysis, Raman spec-
troscopy, temperature-programmed desorption mass spectrom-

etry (TPD-MS), X-ray photoelectron spectroscopy (XPS), and
porosimetry, elucidated the degradation paths and micro-
structural changes of the electrodes.

2. EXPERIMENTAL SECTION

2.1.Electrodes and Electrochemical Cell Preparation. Circular
self-standing electrodes (@ = 16 mm, 18.6 mg) were cut from activated
carbon fabric (Kynol ACC 507-20, Germany). Before electrochemical
measurements, the carbon material was dried at 120 °C for 12 h undera
vacuum to eliminate water and avoid potential oxidation. After
electrochemical aging, the electrodes were washed in water and ethanol
to remove the soluble impurities and then dried at 120 °C for 12 h
under vacuum.

A solution of LiPFj salt at a concentration of 1 mol L™ dissolved in
1:1 vol EC/DMC was purchased from Merck, Germany. The water
content in the electrolyte declared by the producer was less than 20
ppm.

Electrochemical measurements were made on two-electrode ECC-
ref cells (El-Cell, Germany). Before measurement, the electrode was
soaked in the electrolyte and separated by a GF-D porous membrane
(Whatman, UK). Metallic lithium was used as the counter electrode.

2.2. Electrochemical Analysis. Electrochemical measurements
were performed with a computer-controlled multichannel potentiostat/
galvanostat (VMP3, Biologic, France). Experimental techniques
included galvanostatic charge/discharge with a current load of 0.5 A
g™, cyclic voltammetry at scan rates of 2 mV s, and determination of
the current-interrupted ohmic drop at a current load of 0.2 A g™* for
0.05 s. The floating protocol consisted of a 2 h voltage hold at terminal
voltages interrupted by capacitance and resistivity measurements. All
current and capacitance values were expressed per mass of one
electrode if not stated otherwise.

2.3. Porosity Analysis. The nitrogen adsorption/desorption
isotherm of the activated carbon electrode before and after aging was
recorded using an ASAP 2460 analyzer (Micromeritics, USA) at 77 K.
Prior to analysis, the samples were purged under helium flow for 24 h at
120 °C and then placed under high vacuum for S h. The low
temperature of degassing was selected in order to avoid surface
modification of carbon while ensuring the physisorbed species.” The
specific surface area was calculated using the BET equation and verified
with the pore size distribution, calculated using the 2D Non-Local
Density Functional Theory (2D NLDFT) method.*’

2.4. Elemental Analysis. The determination of the mass fractions
of carbon, hydrogen, nitrogen, and oxygen was carried out with an
Thermo Scientific FlashSmart equipment. The amount of oxygen was
obtained through a direct (separate) elemental analysis. Our results are
the averages of three separate analyses.

2.5. XPS Analysis. X-ray photoelectron spectroscopy (XPS) was
performed with a VG SCIENTA SES-2002 spectrometer equipped with
a concentric hemispherical analyzer. The incident radiation was
generated by a monochromatic Al Ko X-ray source (1486.6 eV) that
operated at 420 W (14 kV; 30 mA). A wide scan (survey) spectrum was
recorded with a pass energy of 500 eV, and for high-resolution spectra,
the pass energy used was 100 eV. The spectra were subjected to a
Shirley baseline, and peak fitting was performed with mixed Gaussian—
Lorentzian components with equal full width at half-maximum (fwhm)
using CASAXPS version 2.3.18 software. All binding energies (BEs) are
referenced to the C 1s (graphite-like sp* carbon) peak at 284.5 eV and
given with a precision of 0.1 eV.

2.6.TPD-MS Examination. Measurements were carried out using a
home-built TPD-MS setup under a secondary vacuum (1075 Pa).>"**
This equipment included an Inficon Transpector 2 mass spectrometer
and a Leybold ITR100 Bayard-Alpert ionization vacuum gauge, which
recorded continuous measurements of the intensity of the masses (m/
z) of the released gases and the total gas pressure while the material was
heated at a constant temperature rate. Before material analysis, the
TPD-MS system was calibrated by separately measuring the mass
spectrometer intensity and pressure of each gas: CO, (m/z = 44), CO
(m/z = 28), H,0 (m/z = 18), and H, (m/z = 2). When the mass
intensities and pressure measured during material analysis were

https/doi.org/10.1021/acsaem.4c01940
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correlated with the calibration results, the desorption rate (umol s~ g™

of material) of each gas could be determined versus the temperature.
Moreover, the time integration of the TPD-MS curves provided the
total amount of each gas per gram of material. In this study, TPD-MS
measurements were performed under the following experimental
conditions. The sample was placed in a quartz tube and heated to 950
°C at 10 °C/min. The maximum temperature was then maintained for
30 min before cooling. From the measured mass intensities and the
calibration data, the pressure was calculated based only on the
calibrated gases. By comparison of this calculated pressure with the real
pressure measured by the vacuum gauge, the presence of uncalibrated
gases was determined.

2.7. Raman Spectroscopy. Raman spectroscopy was performed
with a DXR-2 computer-controlled Raman microscope (ThermoFisher
Scientificc, USA). The electrode spectrum was collected with the
application of a 532 nm laser with an adjusted power of 8 mW. Analysis
of the data obtained was performed with the Origin2021 software
application. The peak positions and integration of the D/G bands were
determined by deconvolution of the experimental spectrum.

3. RESULTS AND DISCUSSION

Figure 1 shows a cyclic voltammetry (CV) profile with a gradual
voltage increase cutoff point from 4.0 to 4.6 V.
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Figure 1. Cyclic voltammetry profiles (2 mV s™') of the Kynol ACC
507-20/metallic lithium system with 1 mol L™ LiPF4 in EC/DMC as
the electrolyte; all scans start from 2.2 V, and terminal voltages were set
to 4.0,4.2,44,and 4.6 V.

The voltammograms showed a characteristic “butterfly”
shape, typical of LiC and organic-based EC, originating from
different charge storage mechanisms and potential profiles for
the electrodes. No sharp current increases, even at high voltage
values, are considered as the lack of typical signs of system
degradation; however, the interfacial activity of carbon should
not be excluded. More detailed analysis indicates that the charge
is symmetrically distributed with nearly 100% retention, also
suggesting a lack of side reactions. It has been therefore assumed
that 4.6 V is still the safe operating voltage, and the long-term
performance was tested via potentiostatic hold, where the end-
of-life criterion was defined as 20% of the initial capacitance loss
or 100% resistance increase according to the international
standard (IEC 62391-1).2°

Figure 2 shows the changes in energy profiles with floating
time and the corresponding increase in resistance with floating
time at a given voltage. Additional charge/discharge curves
before and after floating can be found in Figure S1.
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Figure 2. Results of the floating test for the LiCs witha 1 mol L~ LiPEg
electrolyte at various voltages (4.0—4.6V). (a) Energy retention vs
floating time and (b) relative resistance vs floating time.

From these data (Figure 2 and Table 1), two characteristic
aging behaviors that significantly vary with the change in applied

Table 1. Comparison of Energy, Capacitance Retention,
Resistance Increase, and End of Lifetime after Reaching the
End-of-life Criterion

cell voltage (V) 4.0 4.2 44 4.6
energy retention (%) 83 84 84 83
capacitance retention (%) 80 82 86 86
resistance increase (%) 100 100 100 100
end-of-lifetime (h) 234 200 136 100

voltage are distinguished. At the voltage of 4.0 V, the loss of
energy and the increase in resistance follow a similar linear trend,
and the cell with the highest durability among all systems studied
is achieved, where the resistance end-of-life criterion and
capacitance loss are reached after ~240 h. Furthermore, there is
a significant change when a higher voltage is applied. At 4.2 V
and above, the resistance end-of-life criterium is reached while
capacitance retention is above 80%. Moreover, with an increase
in the voltage, the lifetime of the cells is limited from ~200 h for
4.2V to ~100 h for 4.6 V voltage limitation. Additionally, the
symptoms of electrolyte decomposition in initial cycles are
observed in the form of decreased measured cell resistance,
resulting from an increase in internal pressure, as evidenced by
operando pressure measurements at 4 V (Figure S2).
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Importantly, these results indicate that when considering
accelerated aging experiments, it is crucial to monitor
capacitance, energy retention, and resistance parameters since
they do not necessarily change in an equal manner, especially
when voltages close to or beyond the stability limit are
concerned.

To further explain the aging and pore clogging phenomena, a
series of postmortem analyses were completed to determine the
electrochemical changes with any chemical or structural
differences that occurred in the carbon electrodes and compared
with the pristine Kynol 507-20 material, as the aging mechanism
is not possible to deduce solely from the electrochemical data.
Figure 3a shows N, adsorption/desorption isotherms measured
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Figure 3. Porosity measurements for the pristine carbon cloth and the
positive electrodes after the floating test at various voltages (4.0—4.6 V),
(a) N, isotherms at 77 K, (b) comparison of Vi, and V., from 2D
NLDFT, and (c) inset showing the V.-

at 77 K. To better demonstrate the changes in the micropore-
related relative pressure regions, the x-axis is presented on a log
scale. Pore size distribution is presented in Figure S3.

The material is characterized by a type I isotherm and a
microporous texture with an additional mesopore contribution;
the BET and 2D NLDFT surface area was ca. 1800 m* g™'. The
results showed a significant decrease in the specific surface area
of the electrodes floated at 4.0 V, where the value changed from

1841 to 811 m* g_l. Moreover, V,;., decreased from 0.67 cm®
g for pristine carbon to 0.29 cm® g~ for the positive electrode
aged at 4.0 V. In addition, V,,, decreased as well, approaching
values close to zero. This followed the trend for water-based
systems in which pore clogging by solid precipitates and
residuals was observed.”® It has to be mentioned that the profile
of the isotherms suggests that the order of pore blocking is
similar for both voltages; however, the severity (reflected by the
quantity of adsorbed gas and relevant surface area decrease)
changes with the voltage. This might also suggest that there is a
significant role of the polarization protocol and pore
accessibility. Additionally, the different nature of by-products
of electrolyte decomposition being potential dependent might
result in pore clogging at 4.0 V.*’ Noteworthy, for higher floating
voltages (4.2 and 4.4 V), the change in Spp; was much less
pronounced, with a decrease to 1328 and 1564 m?’ g_',
respectively. The volume of pores appeared to be less affected as
the time necessary to reach the end-of-life criterium decreased.
At 4.6 V, Sper and V., remained unchanged, where only a
decrease in V., was observed. These results were strongly
correlated with the electrochemical results, where the two aging
pathways were considered. As aforementioned, the Sygr
degradation might be connected with the time of the experiment
where for the system aged at 4.0 V, more mechanical stress was
applied than in the case of the system aged at >4.2 V. To better
understand the involved processes, an elemental analysis of
pristine and aged electrodes was performed (Figure S4a). This
helped to quantify the elemental composition after floating at
various voltages. Compared to the pristine electrode, a
significant increase in oxygen content was found, i.e., from 1.5
to 5.0%, at 4.0 V. For higher voltages, a slight increase was
further observed (7%), which remained rather constant for the
electrodes cycled between 4.2 and 4.6 V. This implied the role of
electrode oxidation on carbon conductivity decrease, which did
not exponentially increase with a higher floating voltage but
rather slightly changed by ~2% of oxygen. The same results were
confirmed via XPS data analysis (Figure S4(b) and Table 2),

Table 2. XPS Chemical Composition of the Aged Electrodes
at 4.0 and 4.6 V

element Cls O1ls Nls P2p Fls S2p
pristine 92.01 5.53 0.00 0.16 0.00 0.00
4.0V 81.12 17.54 0.00 0.23 0.00 0.00
4.6V 78.64 19.92 0.54 0.34 0.26 026

where the surface composition of the electrodes was determined.
In comparison to the pristine material, all electrodes displayed
an increase in the oxygen content, with a simultaneous decrease
in the carbon content. Traces of phosphorus were also presentin
all samples and increased by ~0.1% with higher voltages (Table
2).

At 4.6 V, 0.26% fluorine was found, indicating the
decomposition of the LiPFq salt; this result is discussed in
more detail in the context of TPD-MS analysis data. Therefore,
the oxidation of carbon and formation of new, inorganic, and
organic species with voltage was confirmed. A progressive
decrease in the carbon content on the surface was also observed,
but it is rather the result of increased content of other elements
on the electrode surface due to electrolyte decomposition.
However, the formation of gaseous products and degradation of
the electrode cannot be excluded either. At initial cycles at high
voltages, the oxygen functional groups found on the surface of
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‘ponds to C sp?,
and carbonate

the carbon cloth may be eventually oxidized to CO, and H,0.*
According to the literature, this could lead to the formation of
Li,O and H, on the negative electrode, Wthh could deplete
cyclable Li* ions and produce gas and HE.*' However, as XPS is
a surface technique, the exact state of the carbon electrode
underneath the solvent/electrolyte degradation compounds
cannot be assessed. Ar-etching experiments would be useful to
gain insight into the chemical composition at different
penetration depths of the electrode.

Moreover, the oxygen content obtained from XPS was higher
than that from the elemental analysis, which further indicated
that the aging process occurred mostly at the electrode/
electrolyte interface. The fast oxidation of the carbon surface
leading to a resistivity increase might explain the short lifespan
and less affected Sppr as the terminal voltage increases. In
addition, the detailed deconvolution of carbon XPS spectra is
shown for the aged electrodes prior to and after the aging
procedure at 4.0 and 4.6 V (Figures 4 and S5).

The fraction of conductive C sp” significantly declined with
floating voltage, from 61.5 to 47.3%, and carbon oxidation led to
a decrease in conductivity. The presence of C—O functional
groups bonded to C sp’ remained rather constant (~5%), while
those not bonded to C sp” significantly increased in comparison
to the pristine carbon cloth. The lack of this component on the
pristine carbon, its later appearance at 4.0 V, and its notable
increase at 4.6 V indicated electrolyte/solvent decomposition.

The C component corresponded to species, such as lithium
alkyl carbonate (ROCO,Li), lithium carbonate (Li,CO;), and
poly(ethylene oxide) polymer (CH,—CH,—0), formed on the
electrode surface via the polymerization of EC already described

» . 41,42 .
in the literature.”"** The presence of these species was observed

on the C 1s peaks at 286.48 eV (CH,—CH,—0) and 288.95 eV
(LiCOj;). ROCO,Li had a doublet at both indicated binding
energies, corresponding to the CO-like (286.48 eV) and CO;-
like (288.95 V) carbons. The solvent decomposition leads to
lithium methyl carbonate (LiOCO,CH;) and lithium ethyl
dicarbonate ((CH,OCO,Li),)."> These compounds were
usually observed in the SEI formed on graphite materials cycled
in the same electrolyte as used in the present study.** Their role
is different, and the proportion of each species in the SEI layer
impacts its properties. For example, Li,CO; formed by the
reaction of lithium with the electrolyte and/or solvent protects
the carbon surface from further electrolyte decomposition. The
organic alkyl carbonates derived from the solvent decom-
position present an insulating nature, affecting the electrode
conductivity. Nevertheless, the polymeric species (PEO)
formed by carbon surface interaction with the electrolyte
provide mechanical integrity to the SEI to withstand volume
changes and stress occurring during cycling process.”* However,
the nature of these polymeric species can be different depending
on the potential. It was demonstrated that at high voltages (>4.2
V vs Li*/Li) the PEO might undergo oxidative polymerization
via radicals (-O.), forming longer PEO chains and various
gases.’® Therefore, these longer-chain polymers formed at high
voltage might rather block the mesopores, while the small-chain
polymers formed at low voltage (4.0 V) are more susceptible to
deposition in the micropore, blocking the entries and leading to
a decrease of Sy and micropore volume.
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Figure 5. TPD-MS profiles of the pristine and cycled electrodes: desorption rates of (a) CO, and (b) CO and the total gas quantities (c) between 25

and 950 °C and (d) between 600 and 950 °C.

As both inorganic and organic species are found in the SEI, a
compromise between electronic insulation and ion conductivity
is ensured.

The formation of all of these species confirmed the presence
of an insulating layer on the carbon surface. This layer impeded
the observation of new oxygen-based functional groups formed
on the carbon surface after cycling, considering the low
penetration depth of the XPS technique (maximum 10 nm).
However, the TPD-MS results, which enabled bulk analysis of
electrodes (Figure Sc,d), showed both the formation of oxygen
functional groups and electrolyte degradation products.

Temperature-programmed desorption coupled to mass
spectrometry (TPD-MS) is a qualitative and quantitative
measurement that is used to characterize the surface chemistry
of carbon materials. This method enables the quantification of
surface-oxygenated functional groups. Calculated (based on
calibrated gases) and measured TPD-MS pressure profiles are
shown in Figure S6 (Supporting Information) for the pristine
and 4.6 V samples. The pressure profiles for samples at 4.0, 4.2,
and 4.4 V are similar to those for 4.6 V. The temperatures at
which the two curves do not overlap show the presence of
uncalibrated gases. These uncalibrated gases prevent accurate
quantification of the calibrated gases at the temperature at which
they have evolved due to the contribution of additional m/z to
the total intensity of the m/z of the calibrated gases. From Figure
S6, an uncalibrated peak at approximately 200 °C is present in
both pristine and cycled electrodes, potentially due to the
physisorbed contamination. Two additional uncalibrated peaks
are observed at 230 and 360 °C for all cycled materials but are
absent in the pristine material. In particular, the peak at 360 °C is
very intense, indicating the presence of uncalibrated gases. To
obtain more insight into the nature of the gases that are evolved

in these regions, Figure 6 shows the MS profiles. Graphs a—e
show the uncalibrated m/z species.

Several masses, which can be related to fluorinated functional
groups or decomposition of the LiPF electrolyte, are recorded,
such as those of COF, COF,, and CF,. The release of HF can
also be observed, which is potentially responsible for the
fluorination of the carbon structure and the release of fluorinated
groups. HF can also lead to fluorination of the silica crucible, as
indicated by the presence of mass m/z = 85; this is possibly the
result of the decomposition of silica-fluorinated groups created
during heat treatment with TPD-MS."* Mass m/z = 85 can also
be associated with a fragment peak of POF;, which produces a
m/z = 104 (Figure S7). POF; can be formed by the
decomposition of carbonates and LiPFq electrolytes.”” At 400
°C, m/z = 85 and 104 nm are simultaneously detected, showing
the presence of POF;. In contrast, only m/z = 85 is present at
200 °C, which indicates the decomposition of silica-fluorinated
groups at this temperature. In addition, m/z = 90 and 118 are
correlated with dimethyl carbonate (DMC) and ethyl carbonate
(EC), respectively; both are observed at 380 °C. These two
electrolyte species can either be trapped in the porosity of the
electrode or strongly bonded to the carbon surface, most likely
due to electrolyte decomposition, and are not removed during
the washing step. However, the measured intensities for the
masses associated with fluorinated compounds, EC, and DMC
are very low (3 orders of magnitude) compared to oxygen-based
groups, as illustrated by the comparison with Figure Se, which
shows m/z = 28 (CO) and m/z = 44 (CO,) for sample 4.6 V.
Although the TPD-MS results cannot be strictly compared with
the XPS (due to their differences), one might note that XPS also
shows low amounts of fluorine and phosphorus groups in the
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materials. Figure Sa,b shows the CO, and CO desorption rate
profiles of the five samples.

In the low-temperature region, two uncalibrated peaks are
observed at 225 and 352 °C; thus, these uncalibrated species
also decompose as m/z = 28 and 44. The peak of CO, at this
temperature is potentially due to the decomposition of
carbonates, such as Li,COj and lithium alkyl carbonate species
(ROCO,Li). The CO peak is possibly the result of the
decomposition of short electrolyte polymer chains, such as the
poly(ethylene oxide) polymer (CH,—CH,—0O) formed on the
electrode surface, via the polymerization of EC.*""**

Therefore, in this temperature range, the nature of the
oxygenated surface groups created during cycling because of the
contribution from the uncalibrated compounds is difficult to
deduce. However, carboxylic and anhydride groups are
susceptible and likely formed, leading to CO, and CO groups."**
In the high-temperature region (between 650 and 950 °C), only
calibrated gases evolve, as demonstrated by the two pressure
curves that overlap above 600 °C. In this temperature range, the
CO, profiles have alow intensity and similar shapes (Figure Sa),

while significant differences are observed in the CO profiles
(Figure Sb). For voltages higher than 4.2 V, a new CO peak at
~700 °C is observed and not present in the pristine and 4.0 V
electrodes. This peak is attributed to ether and phenol surface
groups,w'50 and its similar intensity for 4.2, 4.4, and 4.6 V
electrodes indicate a similar amount. However, the CO peak at
874 °C, showing the presence of oxygenated surface groups,
such as carbonyl and quinone, is present in both the pristine and
cycled materials, and its intensity increases with voltage.
Therefore, these oxygen functionalities continuously form
with an increasing voltage. Figure Sc,d shows the total amount
of CO, and CO that evolved during the TPD-MS analysis,
respectively, from room temperature to 950 °C and between 600
and 950 °C. The second temperature range is interesting
because it provides accurate amounts of total CO, and CO
without the contribution of uncalibrated gases. Therefore,
between 600 and 950 °C, the amounts of CO, and CO are only
due to oxygenated surface groups. Figure Sc also shows that the
amount of carbonates, short electrolyte polymer chains, and
oxygenated surface groups increases significantly and reaches a

https/doi.org/10.1021/acsaem.4c01940
ACS Appl. Energy Mater. XXXX, XXX, XXX-XXX

Sylwia Slesiriska

109



Research on the electrode charging and carbon degradation in electrochemical capacitors

ACS Applied Energy Materials

www.acsaem.org

peakat 4.4 V. In Figure 5d, above 600 °C, the amount of CO, is
rather low, while there is an increase in the total amount of CO
with voltage, with a peak at 4.4 V also.

These measurements demonstrated an increase in the oxygen-
based functional groups with voltage, which is in good
agreement with the elemental analysis results. Moreover, these
results indicate the presence of by-products coming from the
polymerization of solvents, carbonate formation, and, to a lesser
degree, the fluorination of carbon. The presence of two strong
CO and CO, peaks that originated from the decomposition of
Li,CO; and polymer chains supports the theory of fast
electrolyte decomposition under overcharged conditions.
However, several general reasons for the system degradation
of LiC can be distinguished.

3.1. Electrolyte Degradation. The interactions between
the electrolyte and the electrode can promote the electrolyte
decomposition with the formation of SEI and organic/inorganic
by-products that will cover the carbon surface or block their
porosity porosity and active sites. These undesired reactions can
be favored at high voltage.

3.2. Carbon Property Modification.

(i) Porosity (specific surface area and pore volume) changes
are caused by pore clogging due to unsolvable species
(from electrolyte degradation) and O functional groups,
leading to fewer adsorbed species, slower diffusion, and
lower capacitance.’

(ii) Surface chemistry and oxidation of carbon surface are
changed, leading to lower conductivity.”' The oxygen-
based functional groups can disrupt the hexagonal sp*-
bonded carbon network, diminishing the electron
mobility and electrical conductivity. They can also
participate in undesired reactions with the electrolyte at
high voltages.

(iii) Structural changes (defects coming from C sp?, C—O
bonds, polymerized monomers) contribute to the
electrolyte decomposition and increase resistance (de-
creased conductivity).

3.3.Voltage Applied. The increase in voltage might induce
faster electrolyte and electrode degradation, as well as gas
generation and pressure increase.”> Also, as the time of the
experiment was prolonged, the changes in pore volume in
consecutive floating cycles resulted in structure degradation
possibly connected with pore clogging. However, at higher
voltage, faster oxidation and functionalization of carbon lead to
an increase in resistance, resulting in less affected pore structure.

Additionally, one needs to remember that the formation of the
SEI layer on the counter electrode might also contribute to the
increase in resistance.

Structural changes were monitored also by Raman spectros-
copy and the D/G band intensity ratio calculations from spectra
deconvolution.’*** The experimental data and fitted curves of
the pristine Kynol 507—20 carbon are shown in Figure 7a.

The ratio of the intensity of the D/G bands is a measure of the
defects present in the graphene structure. The G band is the
result of in-plane vibrations of sp>-bonded carbon atoms, while
the D band is due to the out-of-plane vibrations attributed to the
presence of structural defects. The D mode is present in all
graphite-like carbons and originates from structural defects. A
comparison of the I,/ I ratio calculated from the integrated area
of the deconvoluted peaks presented in Figure 7b shows an
insignificant increase in the D/G peak intensity ratio; however,
the effect diminished with the increasing voltage.
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Figure 7. Raman spectroscopy analysis of the positive electrodes after
the floating test at various voltages from 4.0 to 4.6 V compared to that of
the pristine carbon cloth before aging: (a) deconvoluted spectrum of
the pristine Kynol 507-20 electrode and (b) Raman spectrum of the
electrodes with the marked positions of the peaks and I,/I; ratio.

The lack of significant changes in the Ip/I; ratio can
potentially result from low laser beam penetration. As observed
by XPS, much of the oxygen content on the surface of carbon
comes from the products of electrolyte decomgosition in the
form of polymer-ike carbonates and Li,CO3.** However, as
observed by TPD-MS and EA, carbon bulk oxidation clearly
takes place, which cannot be observed by Raman spectroscopy.
Furthermore, the D and G bands remain almost constant for all
materials (Figure 7b).

4. CONCLUSIONS

The electrochemical aging of the carbon electrode in LiC,
followed by a physiochemical analysis, was presented and
discussed. Results from elemental analysis, porosimetry, mass
spectrometry, XPS, and Raman spectroscopy provided a
complete picture of the capacitance/energy fading during the
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accelerated aging test. Therefore, several observations and
conclusions could be drawn:

e Depending on the maximum voltage, the systems reached
different end-of-life criteria: (i) at 4.0 V: capacitance fades
with simultaneous resistance increase; and (ii) between
4.2 and 4.6 V: a similar system failure reason occurred
with more pronounced resistance increase;

aging at 4.0 V: chemical and structural changes of the
electrode were observed. Combining the data from N,
adsorption and TPD-MS enabled the existence of a spatial
hindrance in the form of residuals of electrolyte
decomposition resulting in pore clogging and specific
surface area decrease.

e Aging voltage higher than 4.2 V: The formation of ether
and phenol groups was confirmed, resulting in the
resistance increase.'” Further observations via EA, TPD-
MS, and XPS confirm the increase in the overall oxygen
content. This has two different origins. First, additional
sources of oxygen (as identified via XPS) were found at
the surface of the electrode coming from electrolyte
decomposition in the form of poly(ethylene oxides),
polymer-like carbonates, and Li,CO; The amount/
nature of these species might vary with voltage and
impact their localization in the carbon (micro- or
mesopores), with a direct consequence on textural
properties. Second, carbon oxidation in the bulk of the
material leads to enhanced oxygen content, as recorded
via TPD-MS and EA. These results confirm that higher
aging voltage induces faster oxidation and carbon
functionalization. The formation of new O-functionalities
led to a decrease in the conductive C sp* content, and
their insulating nature contributed to an increase in the
resistance and degradation of capacitor performance.
Additionally, the potential corrosion of the system caused
by the presence of HF needed to be considered and could
lead to an increase in cell resistance."**

Our data show that in the case of LiCs, different aging
pathways for the carbon electrode need to be considered during
the optimization of the full cell.
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Motivation and Summary
Without systematic ageing studies, the long-term viability and performance limitations
of energy storage technologies would remain poorly understood, hindering the

development of more durable and reliable devices used for various applications.

EC aging in organic electrolytes, particularly those with AN, has been already shown to
be primarily driven by the positive electrode's degradation. This degradation stems from
interactions between the AN solvent and oxygen functionalities on the carbon surface,
the binder, or/and trace water remains. Therefore, these interactions can lead to the
oxidation of surface functionalities on the AC electrode. However, there exists no
universal explanation applicable to all electrochemical systems; an individual approach
is advised based on the lone complexity of the undergoing chemistries. The following
study therefore focuses in more detail, on the specific role of oxygen functionalities on
the ageing of binder-free AC electrodes in an EC under high voltage regime (3 V)
operating in 1 mol L' TEABF4/AN electrolyte. Floating protocol was employed to
promote faster degradation. This is accompanied by comprehensive post-mortem
analyses (TPD-MS, Porosity measurements, EA, XPS, Raman Spectroscopy) of both
positive and negative electrodes, to elucidate the causes behind the performance fade
in the studied systems. The findings suggest that the type of oxygenated functionalities
on the carbon electrode surface plays a more significant role in dictating accelerated
degradation pathways than their overall quantity. Notably, the presence of acidic
functionalities appeared to induce the formation of a protective polymer-like layer on
the electrode surface, contributing to alonger operational lifespan. It was also evidenced
the complete elimination of carbon oxygen functionalities seemed to promote faster
degradation. Consequently, increased electrode oxidation, pore blockage, and a
reduction in the specific surface area of the carbon electrodes, with the positive
electrode showing greater susceptibility to these degradation mechanisms was
observed. Based on these findings, the conclusion advocating for "tailored
functionalization" is put forward, where specific properties that enhance stability and
longevity ultimately leading to more robust and efficient energy storage solutions can

be employed.
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Abstract

An explanation of ageing failure mechanisms in Electrochemical Capacitors (ECs) under
various testing regimes, including high voltage, is an imperative step that can provide
long-term operation and future optimization of their performance. Our study elaborates
on the ageing mechanisms and the role of oxygen functionalities of three types of binder-
free carbon electrode materials, thermally treated at 120°C, 500°C and 1000°C,
operating in 1 mol L' TEABF4 in acetonitrile (AN). The studied systems followed a
floating protocol at 3 V, after which series of post-mortem analyses of positive and
negative carbon electrodes were carried out. It seems that the type rather than the total
amount of oxygenated functionalities on the carbon electrode directs the accelerated
degradation pathways. The presence of acidic functionalities induce the formation of
protective polymer-like layer on the surface, whilst complete elimination of carbon
oxygen functionalities promotes faster degradation. The system with electrodes
thermally treated at 500°C is characterised by the worst electrochemical performance,
withstanding 714h of floating regime (compared to 1086h with electrodes treated at
120°C) and gradual increase in resistance over time. It is assumed that N- selectivity is of
key importance here, with CO releasing groups promoting it. Ultimately the
decomposition of the electrolyte is more pronounced, as observed via temperature-
programmed desorption mass spectrometry (TPD-MS). This leads to oxidation, pore
blockage and decrease of specific surface area of the carbon electrodes, where the

positive electrode is more affected by the degradation mechanisms.

Keywords: supercapacitor, carbon electrode, oxygen surface functionalities, organic

electrolyte, floating ageing
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1. Introduction

In the fast-pacing and constantly growing modern global market, especially as a
consumer, we demand energy storage devices that will fulfil basic requirements:
reliability, inexpensiveness, safety, and eco-consciousness. After all, our dependancy on
these devices has increased over the decades, with them “powering” our everyday lives.
However, higher dependency generates higher expectations; aimed towards improved
performance of such devices, only to become the main focus in the current research and
development areas. Amongst those, electrochemical capacitors (ECs) have played an
increasing role for high-power applications, owing to their high power density and
superior cyclability (>10¢ charge-discharge cycles).131-3 However, compared to lithium-
ion batteries (LiBs), which without a doubt dominate the actual market, ECs suffer from
a low specific energy [4]. Therefore, it is necessary to consider the means of increasing
their specific capacitance and/or cell voltage for improved energy,*> according to the

equation:

E ==CU? (1)

with energy (E) proportional to capacitance (C) and squared voltage (U).® Thus,
electrolytes with wide electrochemical stability window, such as thosed based on

organic solutions (2.7 - 3.0 V) are preferred over aqueous electrolytes (0.8- 1.0 V).”?

Regardless of the electrolyte used, all ECs suffer from performance loss over time. Work
focused on the application of new materials and establishment of their stability based on
various standards and qualitative tests is a key for efficient and improved ECs
technologies. However, one cannot neglect the associated aspect of degradation
studies. These are equally as important and can shine a better light on the system

behaviour under specified conditions for future improvement of such devices.

Because of different charge storage mechanisms, compositions and stability limits of
materials used, it is rather difficult to describe a universal ageing proccess for all ECs.
Therefore, each system is adviced to be treated individually due to its complex nature.
Additionally, the operating conditions need to be considered; such as voltage,

temperature and current applied, all of which have a important effect on the rate of
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ageing.10 It is assumed that both temperature and voltage might trigger electrochemical
reactions associated with decomposition: the energy necessary to reach the activation
energiesof such parasitic reactions is obtained in both cases.!! The latter is also
characterised by much more pronounced electric field,1212 causing higher attraction of

counter ions towards electrodes during polarisation.

Cell ageing studies in organic electrolytes have been widely investigated in the past, 1#-
22 The main causes of ageing in systems containing acetonitrile (AN), have been reported
to be due to interactions between the solvent and the oxygen functionalities on the
carbon surface, the binder, and/or trace water molecules.1#162324 |n all cases, the
positive electrode was found to be more degraded than the negative one, and to be the
main driving force of the ageing observed in AN based ECs. 2225 The issue seems to point
towards the content of the surface functionalities on the AC electrode, which can oxidise
and form new functionalities.*1¢ However, presence of acidic functionalities was found
to aid in protection of carbon surface and further structural changes by formation of a
polymer layer on both positive and negative electrodes, as reported by Liu et al. This
study is an extension to their previous work in which the same systems were analysed
by Electrochemical Impedance Spectroscopy (EIS) and diffusion coefficient calculations
with some additional anaytical techniques. Two different ageing mechanisms were
reported during contstant potential holding at 2.5 V depending on the activated carbon
electrode material: commercial microporous carbon (YP-50F) and micro-meso porous
carbon used for water purification applications. It was the latter that exhibited a gradual
increase in the equivalent series resistance (ESR) and was then linked to formation of
ion-conductive protective layer. Additionally, a decrease in porosity, formation of
surface defects and pore clogging were reported, which can led to decrease in
capacitance and increase in resistance over time. Degradation of the carbon electrodes

in aqueous media is characterised by similar phenomena.2¢-30

Most recenty, various operando techniques such as operando temperature dynamic
investigations and operando gas chromatography-mass spectrometry (GC-MS) have
helped to gain new insights into degradation proccesses of AN based ECs and
identification of their optimal operational conditions. 2231 With the use of the latter,

Kreth et al. have shown that the degradation of the solvent is strongly affected by the
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surface chemistry of the respective electrode in organic medium, thus it seems to be an
important aspect that needs to be considered in subsequent ageing studies and future

optimisation of the device.

However, most of the mentioned studies implement a binder, which can inevitably lead
to difficult data interpretation and quantification, as previously highlighted by
Pourhosseini et al concerning gaseous decomposition by-products of
polytetrafluoroethylene (PTFE) during temperature-programmed desorption (TPD)
analysis that can overlap with the profiles of those related with decomposition of oxygen
functional groups on carbon.? Moreover, parasitic reactions at high voltage might differ
between binder containing and binder-free electrodes, due to varying amount and types

of surface active sites for both.

Herein, we present a study based on ageing phenomena observed for symmetric ECs
with binder-free Activated Carbon Cloth (ACC) Kynol® 507-20 electrodes in 1 mol L1
TEABF4in AN floated at 3.0 V, where the oxygen content for the carbon electrodes was
tunned by thermal treatment at 120, 500, and 1000°C. Additionally, the elimination of
binder allowed to focus solely on interaction between the electrodes and electrolyte
solution from a more fundamental perspective. Ultimately, it allowed for detailed
relationship to be established and elaborated, where the effect of oxygen functionalities

on ageing at high voltage is discussed.

2. Experimental
2.1. Electrodes and electrochemical cell preparation

Carbon material, namely binder-free Activated Carbon Cloth (ACC Kynol® 507-20
(Germany) was thermally treated in a furnace under a nitrogen atmosphere at different
temperatures, namely: 120, 500, and 1000°C. The purpose of this treatment was to
investigate the effect of the presence/absence of oxygen functional groups on the
surface of carbon. The use of ACC allowed us to exclude the influence of binders on
ageing in organic based capacitor. The material was cut into circular self-standing
electrodes (@ = 16 mm) and assembled in a two-electrode ECC-Ref cells (EI-Cell®,
Germany) separated by a GF-D porous membrane (Whatman®, UK). The systems with
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these carbon materials as electrodes are simply referred to as 120°C, 500°C, and 1000°C

in the remainder of the article.

TEABF4 (tetraethylammonium tetrafluoroborate) salt (purity 299,5% Sigma-Aldrich®;
USA) and ACN (acetonitrile) (Sigma-Aldrich®; USA) were used to prepare 1 mol L1
solution of TEABF4/ACN and its water content was determined by the Karl-Fisher
method (~50ppm).

After ageing experiments, the positive and negative electrodes were removed and

washed in ACN and dried at 100°C in avacuum overnight to remove physisorbed species.
2.2. Electrochemical Investigation

Electrochemical = measurements were performed on a  multichannel
potentiostat/galvanostat (VMP3, Biologic®, France). Electrochemical analyses can help
to determine the electrochemical cell performance before and after accelerated

degradation of the electrochemical cell in organic medium.

Firstly, each system was subjected to a series of preliminary electrochemical tests for
qualitative assessment by: cyclic voltammetry (CV) at 10 mV s! and galvanostatic
charge/discharge with a current load of 1 A g1, followed by the floating protocol
consisting of, i.e., potentiostatic hold at maximum ECs operation voltage at 3 V for
symmetric capacitors for the duration of 2h. According to the international standard
(IEC 62391-1), system failure is reported when the initial capacitance drops below 80%
of itsinitial value; thus floating experiments were halted after that value was reached for
each system or when the resistance of the cell doubled in value. Other techniques: CV at
10 mV st and Current Interrupt (Cl) at 1 A g1 were included between each floating, to
monitor additional parameters such as cell resistance during accelerated ageing. This
allows the systems to be characterized both qualitatively and quantitatively. Specific
capacitance values have been calculated from each galvanostatic discharge curve (its
integral values) and were expressed per mass of one electrode, whereas specific energy

values are expressed per system.
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2.3. GC-MS

The evolution of gases during capacitor operation was monitored in a two- electrode
PAT-Cell-Gas (EI-Cell) in an online mode using gas chromatography-coupled mass
spectrometry (GC-MS, Bruker) where positive and negative electrode are analysed
separately. The monitored mass was M/z = 44, assigned to carbon dioxide (CO»>).

Electrochemical technique consisted of three cycles of CVat 1mstat2.7Vand 3 V.
2.4. Elemental analysis

The determination of the mass fractions of carbon, hydrogen, nitrogen, and oxygen was
carried out with ThermoFisher Scientific® FlashSmart™ (USA) equipment. The amount
of oxygen was obtained through direct (separate) elemental analysis. The results

presented in this paper are the average value of three separate analyses.
2.5. X-ray photoelectron spectroscopy (XPS)

To analyse and quantify the surface functionalities on carbon surface, high resolution X-
ray Photoelectron Spectroscopy (XPS) data were obtained on a VG SCIENTA 2002
spectrometer (Uppsala, Sweden) equipped with a monochromatic Al Ka X-ray source (Al
Ka = 1486.6 eV) and a hemispherical analyzer (Uppsala, Sweden). Wide scan (survey)
spectra and the high-resolution spectra (C1s, O1s, and N1s) were recorded with a pass
energy of 500 eV and 100 eV, respectively. The peaks were fitted by Gaussian-
Lorentzian functions using the CASAXPS software (casaXPS software 2.3.18 Ltd.,
Teignmouth, UK) after having subtracted a Shirley-type background. All the binding
energies (BE) are referenced to the C1s peak at Csp2 (284.5 eV).

2.6. Porosity analysis

The nitrogen adsorption/desorption isotherms of the activated carbon electrode before
and after aging were recorded using an ASAP 2460 analyzer (Micromeritics®, USA) at
77 K. Prior to analysis, the samples were purged under helium flow for 24 h at 120°C and
then placed under high vacuum for 5 h. The specific surface area (SSA) was calculated
using the BET equation at relative pressure range (0.01 - 0.05). Micro volume values
were determined using 2D nonlocal density functional theory (2D NLDFT) method using

Carbon-N2-77,2D-NLDFT Heterogeneous Surface Model.
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2.7. Raman spectroscopy

Raman spectroscopy was performed with LabRAM BX40 (Horiba 300) Raman
microspectrometer with a laser emitting at A = 532nm. Several spectra were measured
and the results were analysed by Origin®2021 software. The peak positions and

integration of the D/G bands were done by deconvolution of the experimental spectrum.
2.8. TPD-MS

TPD-MS allows for the determination and quantification of carbon electrode
oxygenated surface groups,1432-34 the identification of species trapped into the sample
porosity, or the detection of molecules adsorbed/deposited on the surface of the
material. The samples are heated in a quartz tube furnace under secondary vacuum and
the evolved gases are continuously analysed by mass spectrometry. Depending on the
nature of the gases and the temperature at which they are released, it is possible to
determine the carbon material surface functional groups. The measurements were
carried out in a home-made set-up with a heating rate of 5°C min! from room

temperature up to 950°C.

The total pressure of the gas released during heat treatment is measured over time. This
total pressure is then compared with the sum of the partial pressures of the calibrated
gases (CO (m/z=28), CO2 (m/z=44), H20 (m/z=18), H2 (m/z=2), whose calibration is
performed prior to the analysis. The pressure profile measured by the gauge and the
pressure profile recalculated from the partial pressures overlap if the gases released
during the measurement only are calibrated gases. On the contrary, when a difference
between the two pressure profiles (measured and calculated) is observed, it indicates

the presence of one or several non-calibrated gases. 3°

3. Results and discussion
3. 1. Physicochemical characterization of the pristine materials

After were thermally treated, they were analysed by elemental analysis (EA) to verify
their oxygen content; that is, to indicate the successful removal of carbon oxygen

functionalities. The oxygen content was determined to be: 1.5%, 1.2%, and 0.4% for
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pristine 120, 500, and 1000°C thermally treated ACC Kynol® 507-20 respectively, thus

decreasing as desired (Table 1). The carbon content increases, in particular at 1000°C.

Table 1. Chemical composition determined by elemental analysis for pristine electrodes

Sample C(%) H (%) N (%) O (%) Total
(%)
Pristine 120°C 96.0 0.6 0 1.5 98.1
Pristine 500°C 96.0 0.5 0 1.2 97.7
Pristine 1000°C 97.6 0.4 0 0.4 98.4

The N2 adsorption/desorptionisotherms and pore size distributions (PSD) of the pristine
materials are also included (Figure 1). The electrode materials are characterized by a
type | isotherm and a microporous texture with some additional contribution coming
from the mesopores. The calculated specific surface area (Sget) was similar for all the
samples, with values of 1807, 1747 and 1748 m2 g~1for 120, 500, and 1000°C thermally
treated ACC Kynol® 507-20 respectively, and a comparable Vmicro 0f ~ 0.6 cm? g'1. The
main peak in PSD corresponds to a pore width of 0.7 nm. This allowed to conclude that
carbon porosity was not compromised with thermal treatment. The Ip/Igratio values are
also included in Table 1, and were calculated via integration of the curves from the
deconvoluted Raman spectra.®¢3’” The Raman spectra fitting parameter = R? (to the
Gaussian model) was 0.99, which is considered a good fitting value. The ratio of the
intensity of D/G bands is a measure of the defects present on the graphene structure.
The G band is the result of in-plane vibrations of sp2 bonded carbon atoms, while the D
band is due to out-of-plane vibrations attributed to the presence of structural defectsin
the sp? domains. All three pristine carbons are characterised by disordered structure,
where defects are slightly minimised with an increase in treatment temperature, as the
In/lg value decreases from 1.45 to 1.20 for 120°C vs. 500°C. At 1000°C, defects seem to

be re-formed with a value of 1.36, suggesting possible formation of new Csp? domains.
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Fig.1. Nitrogen adsorption/desorption isotherms at 77 K and insets of pore size

distribution (PSD) of pristine 120°C, 500°C and 1000°C ACC electrode materials

Table 2. Sget values, their corresponding pore volume changes calculated from the 2D
NLDFT model and Ip/lg obtained from deconvolution of Raman spectra for the pristine
120°C 500°C and 1000°C ACC electrode materials
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Surface area Vmicro Vmeso Io/lc

<2nm 2-50 nm

[m2-g7] [em3g?®]  [em®g]
Pristine 120°C 1807 0.660 0.004 1.45
Pristine 500°C 1747 0.655 0.002 1.20
Pristine 1000°C 1748 0.652 0.002 1.36

To obtain information about carbon oxygenated functionalities present in the pristine
samples, TPD-MS analysis was carried out. The gas desorption rate profiles along with
the total amount of each calibrated gases are shown in Figure 2. The desorption of CO2
below 400°C can be due to the decomposition of carboxylic acid and anhydride surface
groups. As expected, these functional groups are almost completely removed by heat
treatments at 500°C and 1000°C. The CO profiles show the decomposition of
phenol/ether above 600°C and carbonyl groups at higher temperature = 850°C. These
oxygenated surface groups are removed to a large extent with the 1000°C thermal
treatment. At temperature higher than 800°C, a hydrogen release can be noticed, which
can be due to the removal of edge H-terminated groups leading to the reorganization of
the materials’ structure as well. Figure 2 (d) shows that the amount of functional oxygen
groups decreases with the temperature of thermal treatment and that 1000°C sample
releases less hydrogen than the other two samples. The water content seems to be

similar for all the samples.

Sylwia Slesiriska 134



Research on the electrode charging and carbon degradation in electrochemical capacitors

-
]
-

wn

{a) 120°C "~ |(b) 500°C
= Pristine - Pristine
> ]
"o COo, “-v! Co,
?EM.O- —CO 21.0- —CO
= —H,0 & H,0
o -H e
s 7 ® .
g c
205+ 205
i e
S ]
3 o
a =
00 T T T T O 0 = T T — T T
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature (°C) Temperature (°C)
_ 146 1000 109 7z 120°C
‘Tm ristine - 77 m 500°C
2o co < 7 711000°C
» 2 208
E 1.04 —— CO g 7
—H,0 £ ,
= 2 0564 7
o) 0.8 H >
= 2 =4
i t
g 0.6 1 g 0.4 -
. = i
204 @ 7
§ O 0.2
8024
0.0 : : S 0 ' )
0 200 400 600 800 1000 co coz2

Temperature (°C)

Figure 2. TPD-MS desorption rate profiles of the calibrated gases for the pristine
materials thermally treated at (a) 120°C, (b) 500°C and (c) 1000°C and the total

guantities of calibrated gases for these three samples

3.2. Electrochemical characterisation and post-mortem analyses

The long-term performance of the symmetric capacitors operating in 1 mol L1
TEABF4/ACN electrolyte was tested via potentiostatic hold i.e. floating. Each system
was floated until the end-of-life criterion was reached (20% of the initial capacitance loss
or 100% resistance increase according to the international standard (IEC 62391-1)).38
Figure 3 (a) and (b) show both changes in relative capacitance with floating time and the
corresponding increase in resistance with floating time at 3 V for each system tested,

respectively. The highest longevity out of all systems was exhibited by 120°C, reaching
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1086 h of floating time, while 500°C and 1000°C operated only for 714 h and 898 h,
respectively. To qualitatively compare all systems, CV profiles at 5 mV s have been
recorded before and after floating (Figure S1). Prior to accelerated ageing, all the
systems are characterised by a high degree of rectangularity, denoting a capacitive
behaviour associated with EDL formation where most of the pores are accessible to the
ions from the electrolyte. Values for specific capacitance and energy prior to floatingare
given in Table S1. After ageing, EDL traits are altered in all the systems, displayed by a
loss in specific capacitance values as well as deviation from ideal ‘capacitive’ response
(especially in the case of 500°C and 1000°C, more pronounced in the former). The main
reasons for such behaviour are mostly likely pore-clogging, carbon oxidation and/or

decomposition of electrolyte.
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Figure 3. Results of the floating test with 1 mol L- 1 TEABF4/AN electrolyte at 3 V for (a)
Relative capacitance vs. floating time and (b) relative resistance vs. floating time for

various ACC electrode materials studied

Unlike previous assumptions, there is no clear trend to the ageing behaviour reported:
the decrease in oxygen content of the carbon electrodes does not show a superior
electrochemical performance, especially at such high voltage, where especially the
electrolyte decomposition is more pronounced. This implies much more complex

mechanisms taking place.

Neither of the systems reached their resistance end of life criterion, but a sharp increase
in resistance was noted for 500°C after ~600 h of operating time. Also an onset of
resistance increase is noted after ~1000h of floating time for 120°C. Evolution of gas can
be assumed from the sudden change in linearity in resistance over the course of the
floating protocol. Thisis due to the increase in pressure in the cell caused by the constant
evolution and build-up of various gases, which ultimately improve adhesion of the

electrodes to the current collectors.

During initial cycles, m/z= 44, most likely corresponding to CO2 and CH3CH2NH* is
detected at both positive and negative electrodes, but in greater extent at positive
electrode, as shown in GC-MS profiles (Figure 4). It's important to note that the time of
the gas evolution has been recalculated taking into account the gas detection delay
during the experiment. The presence of this signal at the negative electrode is most likely
a consequence of gas diffusion from positive electrode in the capacitor cell during
measurements.®? It was reported that the self-decomposition of electrolyte salt rather
than that of a solvent is what typically contributes to the most gases in the initial state of
charge.?0 In particular, decomposition of electrolyte TEA* species generates ethylene
(m/z=28) and CH3CH2NH* (m/z=44).14 The absolute amount of gas that is then evolved
is strongly correlated with the materials used, that is, the surface functionalities found
in AC samples which act as ‘catalytic sites’ or decompose themselves 4142 In this context,
CO2 and CO are the by-products of oxidation of the surface functionalities (e.g.,
carboxyl, phenol, anhydride etc.), as seen when the maxima of the evolved gas peaks are

reached upon charge. When the voltage of the cell is increased from 2.7 V to 3V, the
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intensity of the signals corresponding to the evolved gases also increases, proving higher

reactivity and/or decomposition rate of the surface functional groups along with

electrolyte decomposition. The signal response also changes depending on the electrode

material used: for 120°C and 500°C, the m/z= 44 intensity is significantly greater than

the one displayed by 1000°C, which seems reasonable since 1000°C contains much less

oxygenated functional groups.3?
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Figure 4. GC-MS profiles (M/z=44) for three different ACC electrode materials studied:
a)120°C, b) 500°C and c) 1000°C. The first row represents electrochemical data (CV, 1
mV s1at 2.7 V for 3 cycles, then at 3 V for the next 3 cycles). The bottom row shows

evolution of m/z = 44)

During floating, the gaseous decomposition products especially CO and CO2 and other

species related to the [TEA][BF4] salt as well as ACN solvent decomposition, are

expected. Because of the steric effects of quaternary salts, the intermediate product of

EtsNBF4 decomposition follows Hofmann elimination, yielding EtsN* and EtsMeN"*. In

particular, these two species, are more susceptible to decomposition.*?

In order to further understand the involved processes, an elemental analysis of pristine

and aged electrodes was performed (Table 3). This helped to quantify the elemental

composition after floating in the bulk of the electrode.

Sample C(%) H (%) N (%) O (%) Total (%)
Pristine 120°C 96.0 0.6 0 1.5 98.1
120°C (+) @3V 87.6 1.0 1.2 5.9 95.7
120°C(-)@3V 83.4 1.6 1.1 5.8 92.0
Pristine 500°C 96.0 0.5 0 1.2 97.7
500°C (+) @3V 80.7 1.1 2.5 5.1 89.4
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500°C(-) @3V 84.1 1.6 0.9 40 90.6
Pristine 1000°C 97.6 0.4 0 0.4 98.4
1000°C (+) @ 3V 84.7 0.9 2.2 3.8 91.6
1000°C () @3V 90.3 1.2 0.6 3.2 95.3

Table 3. Chemical composition tested by elemental analysis for pristine and aged

electrodes

Compared to the pristine electrode, a significant increase in oxygen content was found
in both positive and negative electrodes, i.e.,~ 4 times for 120°C and 500°C and almost
10 times for 1000°C. This implies oxidation, slightly more pronounced at the positive
electrode. During ageing, oxygen functional groups as well as water trace might cause
oxidation of C as well as its consumption.24 Additional H(%) and N(%) after ageing signify
presence of electrolyte decomposition products. Interestingly, nitrogen content is
higher in positive electrodes, especially for 500°C and 1000°C systems where it
increased ~ 3 times, thus it seems that N compounds have greater affinity/ accumulate
to a much larger extent in the positive electrode. In the 120°C system, the amount of
nitrogen in the cycled electrodes is comparable. Considering longer floating time
compared to the other systems, N% is half in value (1.2% in 120°C) compared to 2.5 and
2.2% for 500°C and 1000°C positive electrodes, respectively. Structural degradation of
carbon and formation of defects, especially C-H edge bonds, as will be discussed in more
detail in the TPD-MS section, could lead to an increase in H content also. The total % of
aged electrodes also decreases, thus suggesting likely presence of other elements, such

as boron and fluorine, which are not quantified by this technique.

The trend of the EA results are in accordance with the XPS data analysis (Figure 5),
where the surface composition of the electrodes was determined for the pristine and
aged 120°C electrodes, as well as a 500°C negative electrode as a comparison. However,
much higher oxygen content was noted via XPS, especially for the 120°C positive
electrode in comparison to the EA (16.2% and 5.9% respectively). This indicates that
most of the ageing occurred on the surface rather than in the bulk of the electrode. An
increase in oxygen content along with simultaneous decrease in carbon content can

suggest formation of gaseous products from oxidation of surface functionalities. Traces
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of nitrogen, as well as fluorine (from the decomposition of the electrolyte) were also
found in all electrodes. Compared to EA, the amount of nitrogen determined via XPS is
also higher. This means that the adsorption/accumulation of nitrogen compounds from
the electrolyte decomposition is greater on the surface rather than in the bulk of the
electrodes. The presence of fluorine at the negative electrode contradicts the ion
transport during polarisation: BF4 anion is expected to be adsorbed on the positive
electrode. However, it was suggested by Liu et al. that a part of HF-BF3, which is the
product of the hydrolysis of BF4~ can diffuse from the positive electrode to the negative

electrode.*
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Figure 5. Elemental composition determined from XPS analysis (survey spectra) for aged and

pristine ACC electrodes

Moreover, deconvolution of C1s high resolution XPS spectra (Figure 6 (a) - (e)) offers
additional information. The fraction of conductive C sp? located at 284.4 eV (called
group A) decreased from 79.1% in pristine 120 to 17.1% for 120 (+). Oppositely, the O-
based functional groups (C-OR, C=0 and O-C=0, called group B) increase from 3. 2%
(120 pristine) to 12.7 % for 120 (+), therefore, four times increase. For the other
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materials, these groups remain stable at around 3.0-3.6 %. The decrease in C amount,
along with carbon oxidation (group B), can lead to a notable decrease in conductivity

especially at the 120°C positive electrode.

Group C indicate products of salt and solvent decomposition (C=N, C-F, C-N and Csp? of
the C1s peak). They are found in all electrodes, but with notable dominance of C=N and
C-N fractions at the aged positive electrode. In that matter, the N1s spectra (Figure S3)
can offer additional information. The peaks obtained give clear indication of covalently
bound nitrogen coming from the solvent and the cation. The anodic polymerisation of

acetonitrile undergoes following reaction:
nCH3CN + (CH3)C*=NH — H(N=C(CH3)),~N=C*(CH3) (1)

resulting in a polymer which can be covalently bonded to AC or via van der Waals
forces.164>46 The polymer is most prominent in the case of 120°C positive electrode, that
is in accordance with the previously reported work by Liu et a/. in which formation of an
insoluble polymer film in the presence of a significant number of acidic surface
functionalities has been proven.1* Indeed, 120°C material contains carboxylic groups
(O-C=0) which might induce the formation of such polymer layer. When heating the
material at 500°C, the carboxylic groups are usually removed due to their low thermal

stability.%” This might explain why this polymer layer is not seen on 500 (+).

The peaks from aged electrodes in Figure S3 can be divided into:

e N1 -pyridine:C=N-C,N=C=N

e N2-Pyridone: OC=N, Pyrrolic: C-N-C, amine: C-N and amide: O=C-N
e N3:Quaternary: C=N

e N4: Pyridine oxide: C=N-O

Corresponding binding energies for all the samples are included in Table S2. Thus, signals
at 398 (group N1) and 400 eV (group N2) indicate the presence of polyacetonitrile and
amides, respectively. Interestingly, N3 signal for quaternary nitrogen was detected
which proves presence of TEA* in aged electrodes. The percentage area of N3 group in

120°C negative electrode (Figureé (f)) indicate higher content than in 500°C negative
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electrode: 0.42% vs. 0.27%, respectively. Because of much longer lifespan of 120°C
system, this comes as no surprise. Upon negative polarisations, TEA* cations can be
trapped inside the pores due to spatial confinement. Whilst it is plausible for them to
come out, it is kinetically unfavoured and can be rather slow. Over time, accumulation of
TEA* will take place, hence e.g. higher N3 group % content in 120°C vs. 500°C negative
electrodes. Pyridine oxide (group N4) could indicate presence of by-products of
electrolyte decomposition, twice as high in the aged 120°C positive electrode (0.94%)
compared to the 120°C negative electrode (0.4%). Acetylene being one of the fragments
formed from elimination reaction of TEABF4 (as confirmed by TPD-MS) can react with
acetonitrile through Bénnemann cyclization at high voltage, to form 2-methylpyridine,
to be later dealkylated and oxidised to pyridine oxide. Thus, confirmation of additional
electrolyte decomposition products on the surface, higher in the positive electrode can

be deducted.
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Figure 6. Deconvoluted high-resolution XPS C1s spectra of a) pristine 120°C carbon; b)
positive 120°C carbon electrode; c) negative 120°C carbon electrode; (d) negative 500°C
carbon electrode (e) Repartition of surface compositions within the C1s of the carbon
electrodes prior to and after the floating test at 3 V from C1s spectra. Group A
represents C sp?, group B corresponds to O-functional groups : C-OR, C=0, and O=C-O
bonded to C sp?, and group C to C sp3, C=N, N=C-N, C-N and C-F in the core level C1s;
(f) Repartition of surface compositions within the N1s spectra of the carbon electrodes

after the floating test at 3V
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As discussed in XPS part, the possible blockage of pores with the different salt/solvent
fragments or O-functional groups needed to be validated, as those with a size between
1-2nm can ultimately affect the capacitance of EDLCs.*® Figure 7 represents the
isotherms and pore size distributions of pristine and aged electrodes in each system and
Table 2 contains information on Sget (Specific Surface Area) and their corresponding
pore volume changes calculated from the 2D NLDFT model. After ageing, all systems
display a change in textural properties, with decrease in Sger and Vmicro. For the 500°C
system, the changes observed for Sget and Vmicro are similar in both electrodes, whereas
for 1000°C, the positive electrode is slightly more degraded. This decrease on the
positive electrode has been previously linked to oxidation which causes pore blockage
or pore collapsing. In the case of 120°C system, the negative electrode is characterised
by greater Sget and Vmicro loss. From the XPS and EA data, it can be assumed that most of
the oxidation that causes ageing in the 120°C positive electrode takes place at the
surface, with formation of polymer like layer. That would explain the small change of
SgeeT of positive electrode compared to the 120°C negative electrode, which more likely
oxidises in the bulk. Because of direction of polarisation, TEA* cations migrate towards
the negative electrode and accumulate there over time whilst blocking its porosity,
therefore, much pronounced decrease in Sger and Vnmicro is observed, especially when
considering its long operating time The mesopores could also be affected by such
mechanism, causing possible ionic ‘starvation’ which would ultimately lead to
capacitance loss during EDLC operation, but are not observed in the studied samples.
Ultimately, the adsorption data does not give clear explanation of degradation pathways
for those two systems, but does confirm changes in porosity of the electrodes after

ageing.

Table 2. Sget values and their corresponding pore volume changes calculated from the
2D NLDFT model for the pristine and aged electrodes at 3V for 120°C 500°C and
1000°C ACC
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Surface area Vhmicro<2 M Vineso 2-50 nm
[m?-g7] [em3-g] [em3-g]
Pristine 120°C 1807 0.660 0.004
Aged 120°C (+) 1514 0.564 0.002
Aged 120°C () 1235 0.458 0.002
Pristine 500°C 1747 0.655 0.002
Aged 500°C (+) 1337 0.498 0.009
Aged 500°C (-) 1355 0.507 0.012
Pristine 1000°C 1748 0.652 0.002
Aged 1000°C (+) 1348 0.500 0.001
Aged 1000°C (-) 1457 0.545 0.002
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(c) 1000°C@ 3 V
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Figure 7. Nitrogen adsorption at 77 K isotherms and insets of pore size distributions of
pristine and aged electrodes at 3V for 120°C 500°C and 1000°C ACC electrode materials

The TPD-MS measured and calculated pressure profiles are shown in Figure 8. The
calculated pressures are obtained from the mass spectra and calibration data of the
calibrated gases. Therefore, when the calculated pressure profile is lower than the
pressure measured by the vacuum gauge, it means that some uncalibrated species are
released. Figure 8 (a), (b) and (c), show the comparison between the calibrated and
measured pressure profiles, per gram of sample, versus temperature for sample 500°C,
pristine material, positive and negative electrodes after cycling at 3V. Since the
pressures are divided by the amount of sample, it is possible to relatively compare the
amount of gas release between the different samples. The pristine material has
overlapping measured and calculated pressure profiles, meaning that only calibrated
gases (CO, CO2, Ha, H20) are released from this sample. The same observation can be
done for all the pristine materials. On the contrary, one can observe the occurance of an
intense measured peak at =300°C, indicating that some uncalibrated species are
released, for both negative and positive electrodes after cycling (Figures 8c-f). The same
observation can be noticed at =710°C, but to a lesser extent. Due to the presence of
these uncalibrated species, which may contribute to the masses (m/z) of the calibrated
gasesmentioned above , it is unfortunatly not relevant and accurate to explore the
guantitative desorption profiles of those calibrated gases. This prevents also from

drawing conclusions on the oxygen-containing surface groups after cycling.Figures 8 (d),
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(e) and (f) which display the measured pressure profiles per gram of sample, of

respectively 120°C, 500°C and 1000°C samples, positive and negative electrodes, show

that there is a huge release of gas at =300°C. This might be related to the decomposition

of the same molecule and is much more significant in negative electrodes than in positive

electrodes. To a lower extent another gas release can be observed at =720°C in all the

positive electrodes. These two gas release of uncalibrated gases could be due to the

decomposition of the electrolyte and solvent.
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Figure 8. Measured and calculated TPD-MS pressure profiles for sample 500°C (a)
Pristine, (b) Positive electrode at 3V, and (c) Negative electrode at 3V; TPD-MS
measured pressure profiles for positive and negative electrodes at 3V for sample at (d)

120°C, (e) 500°C and (f) 1000°C.

Figure 9 (a), (b) and (c) show the mass spectrometer intensity profiles of the main masses
(M/z) observed at the temperatures at which a significant difference between measured
and calculated pressure was noticed on Figure 8. At 300°C, noticeable peaks of masses
20,27 and 86 are observed. On the contrary, at 745°C, only M/z=86 can be seen. M/z=20
shows the presence of HF, M/z=27 of HCN and M/z=86 of trimethylamine (according to
their identification based on Figure S4). Since the MS intensity is divided by the amount

of sample it is possible to relatively compare the quantities between the different

samples.
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Figure 9.MS profiles of the negative and positive electrodes of all the samples at 3V (a)
for M/z=20 (HF), (b) for M/z=27 (HCN) and (c) for M/z=86 (TEA)

In Figure 9 (a), the release of M/z=20 at =300°C can be associated to HF coming from the

hydrolysis of BF4 as already described elsewhere: 20
BF4 > BFs+F (1)
BF3+HF > HBFs (2)
HBF4+ H20 - HBF3(OH) + HF (3)
4 BF3+ 3H20 > B(OH)3 + 3HBF4 (4)

The hydrogen and oxygen needed for the reaction can come from various sources,
especially when considering long-term operation: water and oxygen permeation and
diffusion from air, traces of dissolved oxygen in the electrolyte or water trapped in the
porosity of AC or the separator despite thorught drying processes. By means of
reactions, ethylene elimination can effectively yield protons, as well as ACN solvent

undergoing autoionisation,¢ thus acting as a proton source:
2CH3CN - CH3CNH* + CH2CN- (5)

It is also possible for the oxidation of BF4 to BF4 radical to extract a proton from ACN

solvent.

The HF species are most evident in the positive electrodes, with the highest amount
found in 500°C, followed by 1000°C. This interaction may explain the higher oxidation

observed in the positive electrode.

The decomposition of the acetonitrile solvent can be seen in Figure 9 (b) at 745°C with
M/z=27,which is the main mass of HCN as shown from the theoretical MS spectra given
in Figure S5. The M/z=27 peak at 300°C may be due to triethylamine decomposition.
Indeed, this molecule also decompose as M/z=27 as can be seenin Figure S5. This can be
confirmed by the presence of a M/z=86 peak, which is the main MS peak of
triethylamine, at that same 300°C temperature on Figure 9 (c). On the M/z=27 graph,

HCN is only visible in the positive electrodes and to a higher extent, and in similar
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proportions, in 500°C and 1000°C samples. However, considering that 500°C system
operated for 184h less compared to 1000°C, the amount of HCN is significant. Previous
studies have also shown that acetonitrile can polymerize on the electrode surface and
decomposes in the 600-800°C TPD-MS temperature range.l* On the contrary, the
M/z=86 peak related to triethylamine (TEA) decomposition, can be observed in all
negative electrodes and only in alower amount in 120°C positive electrode. Liu et al. also
pointed out the presence of TEA, in the 300-400°C TPD-MS temperature range in

negative electrodes.

In summary, TPD-MS measurements show that BF4~ and acetonitrile are mainly
present at the positive electrodes which agrees with previous studies and with the XPS
measurements. The amounts of decomposed BF 4~ and acetonitrile is lower for 120°C
sample. At the negative electrodes, TEA decomposition can be observed to similar
extent for all the samples. Unfortunately, the contribution of the secondary peaks of
these uncalibrated species do not allow accurate determination and quantification of

the oxygen surface groups after cycling, using TPD-MS.

Raman spectroscopy analysis of the pristine and aged electrodes and deconvoluted
spectrum of the pristine 120°C system is included in Figure S5. For 120°C positive and
negative electrodes, Ip/lg increased by ~5% and 28% respectively, compared to the
pristine Ip/lc = 1.45. The biggest change can be seen for 500°C electrodes, where the
ratio has doubled. This might be caused by defects created by the superacid and/or HF

oxidising the carbon, as already discussed in the TPD-MS section.

In both cases, an increase in the intensity ratio of the D band to G informs about
reduction in the size of the crystal and thus a higher sp® content 26284950 (higher
disorder), which is in accorance with the XPS data, where the fraction of C sp®: 500°C (-)
>120°C (-) > 120°C (+). Some sp® sites can be formed via the attachment of F, H or O
functionalities at different carbon sites, as well as it can stem from a polymer44 The lack
of change to the Ip/Ig ratio and peak position in 1000°C electrodes can suggest that it is
less degraded compared to the other studied systems. As observed in the EA and TPD-
MS, there is a significant oxidation in the bulk of the electrodes, thus those changes
would not be detected via Raman Spectroscopy. Moreover, the D and G band position

upshift and downshift can be observed for 120°C and 500°C. As reported, the upshift of
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G band (blue shift) can be explained by a compressed lattice, not applicable in this case
What is observed in the aged electrodes is the G band downshift (red shift) which
indicates tensile strain on the carbon material or an increase in disorder. Additinally, the
upshift of the D band can indicate a change in the type of defects present: it can suggest
the formation of specific functional groups bonded to the edges of the carbon structure.
Ultimately, the results confirm that 500°C aged electrodes are characterised by higher
disorder than 120°C electrodes after ageing protocol. Moreover, a change in type of
defects can be assumed for the pristine 1000°C carbon, characterised by an upshift in D
band compared to pristine 120°C, from 1341 cm™ to 1346 cm™.. Ultimately, the results
confirm that 500°C aged electrodes are characterised by higher disorder than 120°C
electrodes after ageing protocol. Moreover, a change in type of defects can be assumed
for the pristine 1000°C carbon, characterised by an upshift in D band compared to
pristine 120°C, from 1341 cmto 1346 cm™™.

It can be stated that the presented systems do not undergo the same ageing mechanisms.
The type of functional groups, i.e. acidic or basic, seems to play a significant role on the

degradation pathway at high voltage:

The 120°C system is characterised by highest capacitance retention, withstanding
1086h of floating time. At this temperature, both acidic and basic oxygen functionalities
are present on the carbon surface as shown via TPD-MS analyses. The abundance of
acidic functional groups induced the formation of a protective polymer layer on both
positive and negative electrodes, more pronounced in the former. 14 These acidic groups
then undergo hydrolysis reactions in the presence of water trace, forming other groups.
However, this does not explain the ageing behaviour of the remaining systems studied,
namely 500°C and 1000°C. In that case, nitrogen selectivity presents itself as a possible
hypothesis. The CO releasing groups on carbon surface promote nitrogen selectivity, i.e.
‘attract’ N containing compounds, such as those coming from the electrolyte, whereas
COzreleasing groups inhibit it.>* The mechanism of capturing of N-based compounds by
oxygen functionalities have been described to undergo H- bond interaction with N-H
groups in ammonia or amines and/or acid-base interactions.>? >3 That is, depending on

their structure, some oxygen functionalities can act as Lewis acids or bases: e.g.

Sylwia Slesiriska 152



Research on the electrode charging and carbon degradation in electrochemical capacitors

carbonyls (C=0) can act as Lewis acids and interact with N-containing functional groups
(Lewis base) such as amines (R-NH>) via hydrogen bonding. Physical adsorption of the N-
compounds onto the carbon surface is then plausible. After thermal treatment at 500°C,
mostly basic functional groups (CO releasing by TPD-MS) are present, thus promoting N
containing compound interactions: salt and solvent decomposition by-products. This is
most evident in TPD-MS results, where the amount of HCN species from the 500°C
positive electrode was the highest. This, along with other decomposition by-products
such as HF from hydrolysis of BF4, led to the fastest capacitance loss, affecting both
electrodes. 1000°C treated carbon has hardly or any surface oxygen functionalities.
Elimination of these groups has led to a slower degradation compared to 500°C as there
were no N-selective oxygen groups, but also no acidic groups to form a protective layer
that could delay it from further oxidation and degradation. This is evident from the EA
and TPD-MS: even with an additional 184h of floating operation, the amount of nitrogen
in the bulk was less than in the case of 500°C. The oxygen content from EA compared to
the pristine electrode also increased by ~10 times, thus oxidation and subsequent

formation of new functionalities is confirmed.

4.Conclusions

In this study, we present the effect of oxygen functionalities on ageing of three types of
binder-free AC thermally treated at 120°C, 500°C and 1000°C, in organic medium
operating at high voltage. Thermal treatment allowed to remove specific oxygen
functionalities from the surface of the carbon material. Based on the vast post-mortem
analyses, we concluded that the degradation of the electrodes is strongly affected by the
type of functionalities on the carbon surface and that other parasitic reactions are

involved and need to be considered:

e 120°C system: Its end-of life criterion was reached due to a steady increase in
resistance and loss of capacitance. The decrease in conductivity, along with
carbon oxidation and pore blockage all contribute to system degradation.
However, a protective polymer layer was formed on the electrodes thanks to the
acidic functionalities, which allowed the system to reach the longest lifetime

(1086 h).
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e 500°C system: Due to the removal of specific acidic oxygen functionalities at the
treated temperature, mostly basic ones remain. It is hypothesized that those
groups could promote higher affinity of N containing compounds towards the
electrode, as shown by EA, XPS and TPD-MS. As a consequence, faster
degradation would be favoured, characterized by more pronounced increase in
resistance. Pore blockage and loss of specific surface area, together with
increased oxidation additionally contributed to system failure, characterised by
the shortest lifetime during floating (714 h).

e 1000°C system: Slower degradation (898 h) was achieved compared to the 500°C
system, where parameters of resistance and capacitance followed through in
similar manner. This showed that complete removal of the oxygen functionalities
in not favoured for long time operation of ECs. In such case, electrolyte
decomposition is the main cause of degradation, especially considering the
positive electrode where increased amounts of HF and HCN were found as
shown by TPD-MS. Other important contributor was electrode oxidation. These

have led to pore blockage, loss of specific surface area and loss of conductivity.

Based on this work, it is suggested for the future studies to focus on ‘tailored
functionalization’ of the carbon material, where methods, specific types and controlled
amounts of oxygen functionalities would be achieved to obtain the most optimal system

design immune to degradation.
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Fig.S1. Cyclic Voltammograms before and after ageing at 3 V at 10 mV s! for 120°C,
500°C and 1000°C systems
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Table S1. Specific capacitance (F/g) and specific energy (Wh/kg) of the cells with various
ACC electrode materials studied prior to floating experiments with 1 mol L 1

TEABF4/AN electrolyte at 3'V.

Sample Specific Capacitance Specific Energy
(F/g) (Wh/kg)
120°C 110 32
500°C 130 39
1000°C 153 45
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Figure S2. Chemical composition tested by elemental analysis for pristine and
aged120°C, 500°C and 1000°C ACC electrodes
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Figure S3. High resolution deconvoluted XPS N1s spectra for the aged electrodes
together with N species and their corresponding groups (N1, N2, N3 and N4)

Table S2. (a) Binding energies from N1s spectra of the aged electrodes and (b) proposed species
responsible for the signals for each group

(a)
Sample N1 N2 N3 N4
(eV) (eV) (eV) (eV)
120°C (+) 398.7 399.7 400.8 402.1
120°C (-) 398.7 399.7 400.7 402.3
500°C(-) 398.5 399.7 400.6 402.5
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(b)
Group Species
N1 H(N=C(CH3))n-N=C*(CHs)
N2 RCONH:2
N3 TEA*
N4 CsHsNO
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Figure S4. MS spectra of the uncalibrated species for 500°C sample at 3V (a) at 300°C for the
negative electrode and (b) at 745°C for the positive electrode -Theoretical MS spectra of (c)
HCN, (d) acetonitrile, (e) triethylamine and (f) Acetylene
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General Conclusion

The work presented in the dissertation focused on the elucidation of intricate processes
taking place at the electrode/electrolyte interface in ECs and LICs, where both aqueous
and organic electrolytes coupled with ACs were considered in the case of ECs. This has
allowed to paint a more complete picture of AC behavior in both i) various
electrochemical systems and ii) with investigation of the influence of various factors
(different AC electrode materials, electrolyte compositions, voltage applied, surface
chemistries, cell construction etc.). The first part of the work concerned studies based on
operando (pH, GC-MS) and /n-situtechniques (EQCM) which offered a glimpse into the
dynamic changes within the EC during operation. For aqueous systems, article P1
evidenced that: pH changes are dynamic, strongly potential dependent and differ at each
electrode, therefore, they should not be neglected when considering device
optimization. These changes cause a change in theoretical operating voltage; however,
it will change due to mixing when the electrodes are in closer proximity. The onset of pH
changes starts even at low voltages and so the electrolyte decomposition, evidenced by
presence of electrolysis by-products which are produced even below the theoretical
decomposition voltage. It was also shown that cycle life can be enhanced by increasing
the distance between electrodes, however this causes an increase in resistance. In such
case, a thoughtful trade-off and a concept of pH maintenance must be considered for
most system optimization. Article P2 dealt with the PZC determination and ionic fluxes
using the EQCM technique in aqueous electrolytes with AC electrodes. Particular
attention should be given to the interpretation of the data from this medium since,
despite certain similarities, the charge storage mechanism of aqueous-based systems
varies greatly. It showed that PZC should be considered as a potential range rather than
one value. Moreover, one should consider it as a range of zero charge (RZC) rather than
one point (as it covers a potential range of 100-200 mV). An alternative method for PZC
determination based on the SPECS technique was also suggested and implemented, and
the importance of cell construction (which was somehow ignored until now) was
highlighted. It proved the need of direct determination in the EQCM cell to avoid
misleading process description, as well as for each system to be considered in an

individual manner. The electrolytic solution based on lithium nitrate was also studied
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using EQCM for the first time and revealed its capacitive nature. The other half of the
research focused on the ageing studies in organic media, which unraveled the mysteries
concerning specific causes for accelerated degradation. This was achieved through
investigation of degradation mechanisms pathways of carbon electrode after
accelerated ageing. The work presented in article P3 investigated the effect of applied
voltage on the ageing of the porous AC electrode. A relationship was established in
which anincrease in applied voltage resulted in a faster degradation and that depending
on the maximum voltage applied, the systems reach different end-of-life criteria. When
floated at lower voltage (4 V), an increase in both resistance and decrease in capacitance
is observed. This changes once voltage of 24.2 is applied. In such cases, a more
pronounced increase in resistance is evident. Physicochemical analyses allowed to
determine the specific causes of degradation. Overall, it was established that higher
voltages induce higher electrolyte decomposition, oxidation levels, and subsequent
structure degradation. This also promotes faster electrolyte decomposition under
overcharged conditions, with a formation of SEl and organic/inorganic by-products that
can ultimately block the porosity of the carbon electrode. Lastly, the effect of oxygen
functionalities on ageing in a symmetric organic based EC were established in an article
Al. Based on this work, it is suggested for the future studies to focus on ‘tailored
functionalization’ of the carbon material as no clear trend in decrease of oxygen
functionalities was found. However, it was established for the specific types of those
surface oxygenated functionalities to influence system ageing which brings about new
insights into the research area. More specifically, complete removal of the oxygen
functionalities was found to not be favoured for long time operation of ECs where
electrode oxidation and electrolyte decomposition prevail. Conversely, the presence of
acidic functionalities was shown to aid in longevity and was attributed to formation of a
protective polymer layer on the electrode surface. The study also hypothesizes that
specific basic functionalities could promote stronger adsorption of nitrogen-containing
compounds, where the system studied was characterised by more pronounced
resistance increase, coupled with pore blockage, surface area loss, and increased
oxidation. These findings underscore and contribute to new knowledge on the critical
role of specific oxygen functionalities in influencing the stability and longevity of AC

electrodes in ECs operating in high-voltage organic electrolytes.
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Title: A double-redox aqueous capacitor with high energy output

Authors: Adam Slesinski, Sylwia Sroka, Sergio Aina, Justyna Piwek, Krzysztof Fic, M.Pilar
Lobera, Maria Bernechea, Elzbieta Frackowiak

Journal: Journal of Materials Chemistry A, 2023, 11, 6258-6273
DOI: 10.1039/D2TA09541F

Abstract:

The paper puts forward the concept of a double-redox electrochemical capacitor
operating in an aqueous electrolyte. The redox activity of sulphur from insoluble
Bi2Ss nanocrystals embedded in the negative electrode material (up to 10 wt%)
operating in 1 mol L 1LiSO4 electrolyte is demonstrated. It is also shown that the
performance is significantly boosted using MPA (3-mercaptopropionic acid) as a ligand
attached to the surface of the nanocrystals, which allows for more efficient use of
Bi2Ss redox active species. This redox activity is combined with the reactions of iodides,
which occur at the opposite electrode with 1 mol L=1 Nal. This enables the formation of
adischarge voltage plateau that effectively boosts the capacitance (275 F g1), and thus
specific energy of the device owing to the relatively high cell voltage of 1.5 V. This
performance is possible due to the advantageous electrode mass ratio (m-:m:. = 2:1),
which helps to balance the charge. The rate capability test of the device demonstrates
its capacitance retention of 73% at 10 A g~ of the discharge current. The different states
of the redox species ensure their operation at separate electrodes in an immiscible
manner without a shuttling effect. The specific interactions of the redox active species

with carbon electrodes are supported by operandoRaman spectroscopy.
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Title: Supercapacitor with Carbon/MoS2> Composites

Authors: Maciej Tobis, Sylwia Sroka, ElZzbieta Frackowiak

Journal: Frontiers in Energy Research, 2021, 9, 647878-1 - 647878-11

DOI: 10.3389/fenrg.2021.647878

Abstract:

Transition metal dichalcogenides (TMDs) with a two-dimensional character are
promising electrode materials for an electrochemical capacitor (EC) owing to their
unique crystallographic structure, available specific surface area, and large variety of
compounds. TMDs combine the capacitive and faradaic contribution in the
electrochemical response. However, due to the fact that the TMDs have a strong
catalytic effect of promoting hydrogen and oxygen evolution reaction (HER and OER),
their usage in aqueous ECs is questioned. Our study shows a hydrothermal I-cysteine-
assisted synthesis of two composites based on different carbon materials—multiwalled
carbon nanotubes (NTs) and carbon black (Black Pearl-BP2000)—on which
MoS2 nanolayers were deposited. The samples were subjected to physicochemical
characterization such as X-ray diffraction and Raman spectroscopy which proved that
the expected materials were obtained. Scanning electron microscopy coupled with
electron dispersive spectroscopy (SEM/EDS) as well as transmission electron
microscopy images confirmed vertical position of few-layered MoS; structures
deposited on the carbon supports. The synthetized samples were employed as electrode
materials in symmetric ECs, and their electrochemical performance was evaluated and
compared to their pure carbon supports. Among the composites,
NTs/MoS2 demonstrated the best electrochemical metrics considering the conductivity
and capacitance (150 Fg~1), whereas BP2000/MoS; reached 110 Fg1 at a current load
of 0.2 Ag~1. The composites were also employed in a two-electrode cell equipped with an
additional reference electrode to monitor the potential range of both electrodes during
voltage extension. It has been shown that the active edge sites of MoS:2 catalyze the
hydrogen evolution, and this limits the EC operational voltage below 1 V. Additional
tests with linear sweep voltammetry allowed to determine the operational working
voltage for the cells with all materials. It has been proven that the MoS2/carbon
composites possess limited operating voltage, that is, comparable to a pure

MoS, material.
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