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3. INTRODUCTION

Since the conventional power plants (wind, solar, hydro, nuclear, etc.) do not fit
in the pocket, there is an ever-increasing problem of needing better and better
energy storage devices. A part of the solution seems to come in the form of
electrical double-layer capacitors (EDLC) that are considered the instruments of
choice for many high-power applications. As such, EDLC is commercially
considered to be inexpensive in terms of power capability (<1 EUR kW) but
costly in terms of energy storage capability (>4500 EUR (kWh)™") therefore
EDLC are often used in high power devices. In general, the performance of
EDLC:s is expected to improve in terms of energy density and price while using
readily available, cheap, and non-toxic materials. Additionally, mobile and
stationary applications have somewhat different requirements for EDLCs [1].
The functionality of an EDLC originates from the reversible and fast (milli-
seconds to seconds) adsorption of electrolyte ions in the electrode|electrolyte
interface [2—4]. In general, EDLC can have capacitance values up to hundreds
of farads per gram, orders of magnitude higher than well known dielectric
capacitors. This difference is attributable to the nanoscopic (<1 nm) charge
separation distance found at the electrode|electrolyte interface and huge specific
surface area (SSA) that can go up to ~2600 m? g™' (single-layered graphene) [5—
7]. Compared to the state of the art lithium-ion batteries, the EDLC deliver
substantially lower energy densities but also endure several orders higher cycle
life values. These properties make batteries and EDLC complementary and thus
are often used in parallel in electric circuits [8].

Porous carbon materials are the most common electrode material used in
EDLC due to the abundance of precursors, tunable porous structure and high
achievable SSA values [9-11]. Although other aspects of EDLC (separator,
electrolyte, design, etc.) also have a profound effect on the performance of the
EDLC device, the electrodes are considered to have the highest impact on the
overall cost and weight of EDLC [1].

Therefore this dissertation mainly focuses on the synthesis of novel carbon
materials that can be used in a high power EDLC system as electrode materials.
Additionally, the current study brings attention to the core parameters of the
carbon material that contribute to the experimental power characteristics of a
two-electrode device based on collected electrochemical and physical characte-
rization data. As the activated carbons studied are highly disordered and with
complex microstructure, an empirical approach was chosen to further optimize
the electrode-electrolyte interactions and, thus, the overall performance of the
EDLC device.
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4. LITERATURE OVERVIEW

4.1 Supercapacitors

The term supercapacitor (SC) was coined in 1975, but the phenomenon of
storing electrical energy into electrode|electrolyte interface has been described
as far back as 1879 [12]. SC is a device that bridges the gap between the high
energy density devices like batteries and fuel cells and high power density
devices such as ceramic capacitors (used widely in circuits) (Fig. 1).

Specific Power (W kg'!)

10 107! 1 10 10¢ 10°
Specific Energy (Whkg™")

Figure 1. Sketch of Ragone plot for various energy storage and conversion devices
[13,14].

For an ideal capacitor, the amount of charge, O, stored on electrodes is linearly
dependent on cell potential AV and system-specific content called capacitance
C, or in mathematical terms [15]:

Q = CAV (1)

In the current peer-reviewed literature, the terms ultracapacitor and electro-
chemical capacitor are used as a synonym for SC, but the first two are less
common. SC can be roughly divided into two subcategories based on the energy
storage mechanism: EDLC and pseudocapacitors. The main difference is that
the latter technology utilizes materials with faradic reactions capabilities (RuO,,
MnQ,) that exhibit properties where electrode potential is proportional to redox
species surface coverage and, therefore, proportional to the state of charge.
Thus, giving rise to a linear dependence of the charge stored vs potential
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mimicking adsorption process. The redox capabilities give them increased
capacitance and energy density values compared to EDLC, but lower cycle life.
The complementary electrode for pseudocapacitors is usually a double layer
capacitive electrode, such as activated carbon. That means the term pseudo-
capacitive should only be used in a system containing the faradaic electrode
[15,16].

On the contrary, the term EDLC can be used both in two and three-electrode
setup since both electrodes are capacitive (usually activated carbon). It is quite
easy to complete a working SC since the components are rather straightforward
(Fig. 2). The slightly more difficult task is to optimize the device to unlock the
full potential. For that, there are different parameters to keep in mind.

Bulk electrolyte Separator + eletrolyte

Electrodes + electrolyte

Current collector

Figure 2. The layout of a two-electrode SC cell.

The SC is primarily used to supply high power to systems. Therefore power
density is one of the most important parameters for comparing different SC. For
the most simple case, the power P can be found using:

(av)y?
4Rgg ’

P =AVI = Q)

where AV is cell potential, / is current and Rgs is effective series resistance that
combines electrode surface layer, electrical contacts, and electrolyte resistances.
The energy lost described by Rgg is usually released as heat.

Similarly, an important parameter for SC is the energy that determines how
long the power burst lasts. Energy £ can be calculated via:

_ C(av)?

> €)
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Equations 1-3 describe well the operating principles of an ideal EDLC. How-
ever, for a real device meant for a particular role in a device, there are many
more parameters to take into account, such as operating temperature, de-
composition potential, leakage current, cycle life, energy storage efficiency, etc.
Since all of these parameters stem from the choice and combination of indi-
vidual components, it is important to discuss these characteristics in detail [15].

4.1.1 Carbon as electrode material

Over the years, a lot of emphases have been put on developing new electrode
materials to improve the charge storage performance of EDLC [15]. Electrode
material fulfills one of the most influential roles in terms of the performance of
a device. Therefore there are key properties that a potential electrode material
must meet. To name a few: high SSA, well-developed micro- and mesoporosity,
chemical and thermal stability, good electrical and heat conductivity, tailorable
porosity, low-to-moderate costs, and ease of processability. Material that utili-
zes carbon in a different configuration (i.e. activated carbon, graphene, carbon
onions, etc.) usually possesses these qualities and therefore are widely used in
EDLC applications [1,17].

Estimates of carbon abundance vary substantially, but overall it is con-
sidered to have around 180 ppm concentration in Earth’s crust that places this
element barely in the top 20™ most abundant element [18]. However, the same
cannot be said about the importance of the element as entire organic chemistry
and the reader of this paper is vastly based on carbons half-filled valence cell
electrode configuration. The resulting sp, sp> and sp’ electron configurations
determine the geometry and nature of the carbon-carbon bonds in materials and
the resulting physical and chemical properties [17,18]. For amorphous carbons,
one of the most influential parameters is the number of ® bonds that determines
the electronic conductance [19,20]. Although sp® and sp’ electron configura-
tions can give rigid structures, it is quite common that a minimal amount of
binder is added to the carbon material to optimize the physical durability of
carbon electrodes [1].

4.1.2 Electrolytes

The electrolyte fulfils one of the most influential roles in SC, providing mass
transport of ions that enables the formation of an electrical double layer and
charge compensation on charging and discharging. The electrolyte is also con-
sidered to be the heel of Achilles in terms of maximum operating cell potential
(AV) that SC device can operate. Exceeding AV leads to an electrochemical
decomposition of the electrolytes (solvent + salt) that results in the ageing and
failure of SCs. Since the electrochemical stable potential window is quadra-
tically related to power and energy density (Eq. 2 and 3), a lot of emphases have
been put to developing novel electrochemically stable electrolytes. In addition
to the potential window, the electrolyte also influences or defines several other
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key parameters such as internal resistance, operating temperature range, self-
discharge rate, flash point and toxicity.

Besides stand-alone parameters, interactions of electrolyte with the electrode
materials and separator also has a high impact on SC performance. Most impor-
tantly, choosing a complementary ion size to match porous parameters of the
electrode material is crucial for maximizing specific capacitance value [10,21].

There are different types of electrolytes that each has advantages and dis-
advantages. Aqueous electrolytes have been thoroughly incorporated in SC re-
search due to very simplistic laboratory needs and low overall cost. Aqueous
electrolytes exceed at high ionic conductivity (generally at least order of magni-
tude higher than organic and ionic liquids), which is shadowed by marginally
lower AV value (thermodynamic limited to 1.23 V). Besides that, aqueous
electrolytes can also heavily limit the applications of the device in colder clima-
tes to the risk of freezing and rapturing the device.

In terms of commercial SC, the lion’s share uses organic electrolytes [1,22].
Organic electrolytes are widely used since they have relatively wide AV (2.5—
2.8 V, sometimes up to 3.0 V), while still maintaining reasonable values for
conductivity and viscosity [21,22]. Compared to aqueous electrolytes, the
organic electrolytes are significantly more expensive due to bulk prices of sol-
vent and salt and due to additional cost relating to solvents sensitivity towards
water vapour and oxygen. This is a significant factor since electrolyte can make
up to 27% of the overall cost of the device. Therefore it is estimated that the
electrolyte price range should not exceed 12 EUR kg ' [1].

Ionic liquids (IL) are attractive third options as an electrolyte. An IL consist
of a large asymmetric organic cation and an inorganic or an organic anion that
is due to the sterical reason in the liquid phase at room temperature. IL stand out
with their high thermal, chemical and electrochemical stability, negligible vola-
tility (room temperature), and high flash point. Alas, most ionic liquids also
exhibit high viscosity, low ionic conductivity and high cost, being the main
reasons why IL as an electrolyte, has not made a break to commercial SC appli-
cations [21].

4.1.3 Separator materials

SC separator functions as an electronic insulator between two electrodes dam-
pening the electric field down to a point where no electrical shorting can
happen. Additionally, SC separator must allow relatively good ionic permeabi-
lity and be chemically stable in operating conditions. Separators also have a
pivotal role in self-discharge processes by controlling the active migration of
electrolyte ions [23]. To facilitate ionic transport, the separator is typically made
up of porous polymeric membranes like cellulose nitrate, polyvinylidenefluo-
ride (PVDF), polytetrafluoroethylene (PTFE) membrane [15]. However, some
flexible SC devices use solid electrolytes that effectively cover the role of a
separator [24].
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4.2 Production of carbonaceous material via
hydrothermal carbonization

Using water at high temperatures is a simple green and a very attractive way of
converting low-cost biomass into highly functional materials. Based on the
main product obtained these processes can be categorized into hydrothermal
carbonization (usually 100-200 °C), hydrothermal liquefaction (typically 200—
350 °C) and hydrothermal gasification (usually 350-750 °C) [25]. In recent
years the hydrothermal carbonization (HTC) has been successfully applied for
preparation of low-cost porous carbon used in different fields such as energy
storage, adsorption and soil improvement [26—28]. HTC process takes place
below the critical point of water (7, = 373 °C, p. = 22.1 MPa) that nevertheless
alters some of the solvents physical and chemical properties (ion product,
density, static dielectric constant) heavily compared to ambient water [25,29].
Many reactions take place dependent on the HTC process precursor and the
detailed nature of the reaction pathways is not always fully understood yet.
Therefore simple carbohydrates (e.g. D-glucose) are often used as model pre-
cursors in order to study their transformation mechanism into HTC materials.
The decomposition of sugars starts with hydrolysis due to having lower activa-
tion energy than most of the other reactions. Hydroxymethyl furfural (HMF)
and furfural are well-known dehydration products of sugars [28,30]. The
reaction intermediates and the HMF product can further react or degrade by
processes such as isomerization, condensation, rehydration, reversion, fragmen-
tation and/or additional dehydration reactions [31]. The main outcome of the
HTC process is the solid carbonaceous product named hydrochar (sometimes
also called hydrothermal carbons or humins). In the case of pentoses and
hexoses, these hydrochars consist of micrometre-sized spheroids that exhibit a
core-shell structure of chemical oxygen functional groups [32,33]. In addition to
the hydrochar, small organic acids (e.g. levulinic acid) and gaseous by-product
are also formed. The formation of organic acids is useful since it selfcatalyses
the process, advancing the necessary dehydration reactions [30].

4.2.1 Chemical activation of carbonaceous material

Chemical activation is considered an effective method for increasing porosity of
carbonaceous materials, thus directly (Eq. 3) increasing energy storage capabi-
lities of EDLC [34,35]. There are two industrial processes used to maximize the
adsorption potential of a parent organic material: physical (also known as
thermal activation, utilizing reagents such as CO, and H,O) and chemical
activation (using reagents such as ZnCl,, H;PO, and KOH) [35-38]. The often-
used terminology (chemical/physical activation) is somewhat misleading since
both types of activation processes make use of chemical reactions; therefore,
these processes are referred henceforth as oxide activation (OA) and acid-base-
salt (ABS, referring to Lewis acid-base definition) activation respectively.
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For the individual application of carbon material-specific control of pore-
size distributions is required, that is achieved by selecting appropriate activating
agents and treatment condition combinations. Since, in OA, such variables as
temperature, pressure, heating rate, etc. do not influence the micropore size
distribution significantly using the alternative ABS activation is often more
appealing for since it allows more control over the product characteristics
[36,39]. On the other hand, ABS activation is also considered to be more
corrosive and is often paired with an additional washing step compared to OA
activation [40].

The ABS activation usually involves mixing the precursors (carbon source)
and activating agent and then heat-treating the mixture at inert atmosphere. As a
result, abundant micropores or mesopores are formed in the carbon framework
after washing out the residual activating agent and by-products [10,37].

ABS activation of hydrothermal carbons has been the focus of a great
number of studies [27,41-46], but Sevilla et al. [47] are considered to be the
first to report on the ABS activation of HTC materials as a way to generate
highly porous materials [48].

4.2.1.1 Activation with ZnCl,

In the case of ZnCl, activation, the reactant is essentially a template for the
creation of porosity as increases in microporosity is roughly equal to the volume
of ZnCl, used. Space is vacated after this reactant vaporizes (7 = 732 °C) or
after washing is conducted. Most of the porosity develops within the tempera-
ture range of 400—500 °C, whereas an increase in temperature leads to in-
creasing microporosity [35,49].

4.2.1.2 Activation with KOH

In contrast to zinc chloride, KOH reacts directly with the carbon. Based on
Fourier-transform infrared spectroscopy data, thermal desorption spectroscopy
data and Gibbs free energy calculations results, the following reaction is pro-
posed:

6KOH + C=2K + 3H, + 2K,CO; “4)

Many experimental variables influence activation processes such as reactivity of
the starting carbon, the ratio activating agent/carbon, the method of mixing of
the activating agent and carbon, the temperature and flow of gas during the
carbonization, etc. In general, KOH reaction with carbon begins at around
400 °C, whereas in case of NaOH it started only at 570 °C. At temperatures
higher than 800 °C, the decomposition of the carbonates starts, that results in
the evolution of CO and CO,[38,50,51].
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4.3 Methods for electrochemical characterization of EDLC

4.3.1 Cyclic voltammetry

Cyclic voltammetry (CV) or linear sweep voltammetry is a versatile method
that is based on applying a linearly varying potential across the two electrodes
of a two-electrode device, or between the working and reference electrode in a
three-electrode system. The initial potential ¥; is swept linearly in time v (V s7")
so that potential at any time V(¢) can be found:

V(i) =V,—vt (5)

The resulting current is registered. In the case of the ideal capacitor, the current
response /(f) is equal to:

dav
I(t) = CE =Cv (6)

Therefore for symmetrical two-electrode cell, the specific capacitance of a
single electrode Ccy can be found:

21
Coy = =, 7
v = @)

where m is the mass of a single electrode [10,52].

CV is a very popular technique for initial electrochemical studies of new
systems and has proven very useful in obtaining information about fairly
complicated electrode reactions. In EDLC applications is mainly used for deter-
mining maximum operating cell potential, calculating corresponding capaci-
tance values and providing rough estimates of faradaic processes [15,17,52,53].
In the case of redox-active species at semi-infinite linear diffusion conditions,
the current at any point can be estimated by:

i = nFACy+/ (mDyo)x(at), (8)

where n is the stoichiometric number of electrons involved in an electrode
reaction, F' the Faraday constant (charge on one mole of electrons), 4 cross-
section area of an electrode, Co the concentration of oxidized form, Do the
diffusion coefficient of oxidized form and ot = nFvt/RT and x(of) a pure
number current function [53]. This essentially means that in case of redox re-
actions the current response is proportional to the square root of scan rate while
in case of the non-faradaic process such as adsorption, the response is simply
linear (Eq. 6). Unfortunately, both the double-layer and faradic processes occur
at almost the same timescale making them practically indistinguishable if
applying only the CV method [15].
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If the capacitance is constant with potential, the ideal current response,
according to Eq. 6 is rectangular (Fig. 3). However, real-life SC system has
internal resistances that have linearly increasing impact on CV curves as the v
value increases. Besides resistance, faradaic reactions (battery type electrodes
and pseudocapacitive electrodes) also can change the current response of the SC
system (Fig. 3) significantly. However, there are also some pseudocapacitive
materials, which have almost similar cyclic voltammograms as that of an ideal
double-layer system [15].
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Figure 3. Schematic cyclic voltammograms (top) and corresponding galvanostatic
discharge curves (bottom) for various kinds of energy storage materials [15,52].
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4.3.2 Controlled current method

The constant current charge/discharge (CCCD) method is widely used both for
SC and battery research since the implementation is easy and cheap. CCCD
method is based on applying constant current input during the charging and
discharging of supercapacitor device or a single electrode (in three-electrode
configuration). Here, the registered potential varies as a function of time with an
applied constant current. Similar to the CV technique, the shape of the output
curve provides important information regarding the charge storage process
along with iR drop, the percentage contribution to double-layer and faradic
charge storage, and effective series resistance (Rgs) of the supercapacitor
device.

In a real-life device, the Fig. 3 discharge curve is preceded by a sharp
potential drop caused by the ohmic current flow in combination with charge
recombination and self-discharge effects. Therefore the discharge capacitance
(Cpc) for EDLC should be calculated using the linear cell potential difference
region of discharge curve via:

_ At
Coe =17y, 9)

For specific discharge capacitance of symmetrical device for a single electrode,
this can be written as:

oo 2nt
DC = Aym’ (10)

where m is the mass of an electrode [17,54].

CCCD method is frequently used to calculate the efficiency of a device. The
efficiency of SCs is very often presented as coulombic efficiency that is based
on the simple ration of charge and discharges time values. Coulombic efficiency
can be misleading as it assumes a linear response that is often not the case,
especially for SC system utilizing faradaic reactions. Energy efficiency (7) is a
better parameter since it takes into account the non-linearity of some CCCD
curves by integrating, i.e. finding the ratio of areas under the constant discharge
(CD) vs constant charge (CC) curve. 7. can be found:

t(Vmin)
nor = Epc  Jeman V(©O)dE
T B [Gmv(ae” =

where Epc and Ecc are discharging and charging energies, respectively [54].

20



4.3.3 Electrochemical impedance spectroscopy

For CV and CCCD methods, the system under study never reached equilibrium
state during the experiment due to the large perturbations used. Electrochemical
impedance spectroscopy (EIS) however uses small magnitude alternating
perturbation (usually potential, but equal result can be obtained via using
current, Eq. 11) where the response may be indefinitely steady and can,
therefore, be averaged over a long term. With stable systems, the EIS can be
implemented over a wide time (or frequency) range (10* to 10 s or 10~ to 10°
Hz). Often the perturbation is applied as a sinusoidal wavefunction:

V(t) = Vysin(wt), (12)
where V() is time dependent potential (Fig. 4), V, perturbation amplitude

(usually couple of millivolts), w angular frequency w = 2xrf, fis the frequency
(Hz) [17,53].

ST

gla
g

Figure 4. Phasor diagram for an alternating potential V(#)=V,sin(w?).

A common way to visualize the alternating potential is as a rotating vector (or
phasor, V). The length of the vector represents the peak amplitude and the
direction the timeframe of the phase value. The corresponding current is then
expressed similarly as a sinusoidal wave:

1(t) = I sin(wt + @), (13)

where [ is the current amplitude (Fig. 5).
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Figure 5. Phasor diagram for an alternating potential V(t) and current I(t).

As shown in Fig. 5, the current I and potential V are often out of phase at all
times, meaning that the two rotating vectors are separated by phase angle ¢. On
the graph, the potential is lagging the current and for the ideal capacitor, the ¢
value is 90° or /2 radians [53].

Ohm’s law always holds. Therefore a linear relation exists between the
current and the potential at each moment:

ui) U
Z(t) =m=7 (14)

Since both current and time are vectorial quantities, the impedance Z(¢) is also a
vector quantity. Z is often measured over a wide range of (angular) frequencies
to probe different electrochemical processes at different timescales. Z(w) is also
called complex impedance since it can be expressed as a complex number of the
vector sum of real (Z' or Zg. and imaginary (Z" or Zy,,) parts:

Z(w) = Z'(w)+Z"(w), (15)

where i = v—1. Since the Pythagorean theorem still holds, the modulus can be
written as:

1Z(0)| = VZ'(0)? + Z" (w)? (16)
and the phase angle as:

Z”(a))
Z'(w) |

¢(w) = arctan [ (17)
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For ideal RLC (resistor, an inductor, and a capacitor) circuit, these parameters
are the following:

Element |Z]| Z' z" )

Resistor R R 0 0

Inductor wL 0 wL 90°

Capacitor 1 0 1 -90°
wC iwC

Real-life EDLC systems are a bit more complicated. For the simplest of cases,
the of RC circuits the resistor and capacitor in series and parallel are often used
to model the low-frequency part where capacitive processes start to dominate
complex impedance. Series capacitance Cs, series resistance R, parallel capaci-
tance Cp and parallel resistance Rp can be calculated via:

Rs = 7' (w) (18)
1
Cs = T wZ'(@) (19)
C. = 1
P — , 2
R o
] 2
R — (1 + ZZ//(((Z))) >(‘)Z’((U) en
" Z' )| '
|Z "(w)

These simplistic ac circuit models are relatively easy to apply, but unfortu-
nately, a single resistor cannot describe the characteristics of the real-life
application under variable load. For more complex systems a very popular and
informative way of representing the impedance behaviour of is by plotting Z"
versus Z'components for a range of frequencies in a Nyquist plot.

Nyquist plot for a typical EDLC impedance spectrum composes of three
parts: the low frequency nearly vertical region, the —45° slope region at inter-
mediate frequencies and the high-frequency depressed semi-circle region
[14,17,52,55]. For better understanding, the electrochemical systems numerous
theoretical model has been developed. Models developed can be grouped into
three categories based on the description of the system. At the most funda-
mental level are the atomistic or microscopic models, describing the individual
charge-carrying particles. At the least detailed level are the equivalent circuit
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models that try to construct a simple circuit with well defined electrical pro-
perties that mimic the response signal. At the intermediate level are the conti-
nuum models regarding the bulk matter as continuous media. From a practical
point of view, all three types of models are useful and provide ways to further
explain and predict the behaviour of electrochemical systems [55]. A common
model for the high-frequency semicircle is to use parallel RC circuit (Fig. 6)
where the two cutting points with the Z' axes used to define the Rgs and potential
dependent faradaic resistance Rr values for redox-active species [52,55].

L )

7

@ =1/RC

R Res + Ry 7’

Figure 6. Nyquist plot for a parallel RC circuit.

The —45° slope region at intermediate frequencies is often associated with
diffusion control in the kinetics of the electrode process. This region is usually
controlled by Fick type diffusion and modelled with Warburg semi-infinite
diffusion element. The frequency and the pore radius defines the penetration
depth of 1, the initial perturbation wave via:

Aw = 12krChw, (22)

where 7 is the pore radius (cm), « is the electrolyte conductivity (' cm™), Cy
is the electric double-layer capacitance at the interface (F cm %), and o is the
angular frequency (rad s '). This means that at lower frequencies, more pores
are accessible to excitation until a specific knee frequency where all surface of
the electrode is active and capacitance is no longer frequency dependent [56].

Based on the pseudo-3D numerical modelling of Keiser et al. [57], the low-
frequency region impedance spectra is also highly dependent on the pore
geometry (Fig. 7). Unfortunately, the shape of the pore model is rather hard to
implement on real-life samples data since materials like amorphous carbon are
heavily nonhomogeneous and mostly lack ordered structures.
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Figure 7. Impedance behaviour for a series of pore shapes, as shown, in a porous
electrode. / is pore length and A is a form factor [57].

4.4 Gas sorption - probing
the porous structure of materials

Gas sorption analysis is one of the most popular methods that allow the charac-
terization of materials surface area and pore size distribution (PSD). The
method is based on measuring the volume or mass of adsorbate (usually N,,
CO, or Ar) at various pressures under either static and quasi-equilibrium condi-
tions. The resulting isotherm is thereafter analyzed by applying an appropriate
theory used to treat the adsorption and/or desorption data.

Many activated carbons exhibit type I sorption isotherms that correspond to
microporous materials [58]. Based on IUPAC classification, pore widths greater
than 50 nm are called macropores, mesopores range from 2 to 50 nm and
micropores for the pores in the range of less than 2 nm [59,60]. Microporous
type I isotherm can be described by the Langmuir equation:

p_1 P
W Kw, W,’

(23)

where W and W, are the weight adsorbed and the weight adsorbed in a com-
pleted monolayer, respectively. p is the adsorbate pressure and K is Langmuir
constant that depends on the interaction energy between adsorbate and ad-
sorbent.
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Brunauer, Emmett, and Teller (BET) further developed the Langmuir model
to incorporate multilayer adsorption and the linearised form of BET equation is
often used to calculate surface area values for microporous materials. Despite
the often reported good fit to the experimental data, the obtained surface area
results should be taken with a grain of salt since it does not reflect a true surface
area.

Microscopic methods (such as Non-local Density Functional Theory, NLDFT
and Grand Canonical Monte Carlo simulation) are considered to have a much
more accurate pore size analysis and allows in principle to perform a pore size
analysis over the complete micro/mesopore size range. Although applying
NLDFT requires using appropriate adsorptive/adsorbent system kernel and
often the model does not fit the experimental results perfectly. Therefore, the
microscopic methods are still considered the most accurate methods for ana-
lyzing porosity data [61].

One of the most informative parameter that NLDFT models enable to
explore is PSD. The evaluation is based on solving the adsorption integral
equation:

oy (D) = f " e W (W)dw (24)

Wmin

where ai,(p,w) is the local adsorption isotherm (kernel function), ae.(p) is the
experimental isotherm and f{w) is the PSD function.

In the recent decade, the two large instrument companies Micromeritics
Instrument Corporations and Quantachrome Instruments have introduced 2D-
NLDFT and QSDFT models, correspondingly, both of which try to take into
account the geometric heterogeneity of the adsorbent surface. The QSDFT
model addresses heterogeneity the surface via roughness factor (quenched
component) and 2D-NLDFT models the surface of pore wall via randomly
wrinkled graphene sheet. Despite the differences, both the QSDFT and the 2D-
NLDFT methods give similar valid PSD values [62].
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5. EXPERIMENTAL

5.1 Synthesis of electrode materials

Studied electrode materials were prepared via a two-step process. The initial
carbonaceous material was synthesized using a high-pressure autoclave (Biichi
limbo) via HTC process. Synthesis conditions (200° C for 24 h) were chosen to
ensure maximum solid product yield while maintaining the structural integrity
of the vessel. After that, the carbonaceous material was collected and washed
with Milli-Q+ water for several times and dried overnight in a vacuum oven
(Vaciotem-TV, J.P. Selecta) at 120° C and 50 mbar to ensure removal of water.
The yield of the product is often reported as the ratio of masses rather than the
traditional reaction yield since often no clear and fixed reaction equation cannot
be attributed to the process [63—66]. In the case of mono and disaccharides
precursors, 35-40% yields were calculated for studied materials.

Since the HTC materials do not have suitable porosity for supercapacitor
applications, an additional activation procedure was carried out. As an inte-
resting and less refined alternative to HTC materials, a patch of dried and
washed peat was also used as a precursor material for activation since it bares
similar drawback as HTC materials. Therefore all of the intermediate materials
were mixed with activating reagents (KOH, ZnCl,) in an aqueous medium to
facilitate the transport of activating reagents to the already existing porous
matrix. Thereafter the water was removed in mild conditions (vacuum oven)
since water can also alter the porous structure of carbon materials. The activa-
tion was carried out in alumina crucible that was then put into the tube furnace
(Carbolite CTF 12/65/550) after that the impregnated and dried mixture was
pyrolyzed at 700° C for 2 h at Ar atmosphere. 700° C is not necessarily the opti-
mal temperature for KOH and ZnCl, to achieve maximum SSA (see section
4.2.1). The temperature was chosen since the thermal treatment also alters the
graphitic structure of the materials and we wanted to compare different acti-
vating reagents without secondary effects. After activation, all of the samples
were washed with Milli-Q+ water several times, then treated with hydrochloric
acid to remove the excess of activating agents and the residuals and washed
again with Milli-Q+ water.

The resulting activation yields were somewhat dependent on the amount of
impregnation mixture used (since numerous the treatment steps remove a
quantity of material) and the ratio and activating reagent used. Yields achieved
were as large as 66%, when more than 6 g of impregnation mixture was used.
The final treatment of all carbon materials was reducing the surface functional
groups with H, (purity 99.9999%) at 800° C for 2 h.

The resulting carbon materials were named via a combination of the name of
carbonaceous precursor material and the name of activating reagents (KOH and
ZnCl,) as follows:
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Glucose derived carbon GDC
White sugar derived carbon WSDC  + Activating Reagent (KOH and ZnCl,)
Peat derived carbon PDC

5.1.1 Electrode preparation

As obtained activated carbons were powders, it was necessary to add some
binder to obtain reproducible results and to improve electrical contact between
the porous carbon particles. Most of the materials were prepared by adding 5%
of polytetrafluoroethylene (PTFE, Sigma Aldrich) or up to 7% PTFE to obtain
tenacious mass that could be roll-pressed (HS-160N, Hohsen Corporation,
Japan) into ~110 wm thick sheets. After drying under vacuum, the pure Al layer
(thickness of 2 um obtained with QCMB, 1.5 um with AFM) was deposited
onto one side of the carbon material using the plasma-activated physical deposi-
tion method.

5.2 Electrochemical characterization

Electrochemical measurements were carried out in a two-electrode aluminium test
cells (HS Test Cell, Hohsen Corporation). EDLCs were assembled in a glove box
(Labmaster sp, MBraun, O, and H,O concentrations lower than 0.1 ppm) by using
two 2 cm” activated carbon electrodes and a commercial 25 mm thick separator
(TF4425, Nippon Kodoshi). The test cell was filled with either 1 M triethyl-
methylammonium tetrafluoroborate (Et;MeNBF,) solution in acetonitrile (AN) or
with 1-ethyl-3-methylimidazolium tetrafluoroborate (EMImBF,) as electrolytes
since both electrolytes are widely used in research [4,17,24,52].

The electrochemical characteristics of EDLCs were established by the electro-
chemical impedance spectroscopy (EIS), cyclic voltammetry (CV), constant
current charge/discharge (CCCD) and the constant power (CP) discharge
methods. Impedance spectra (over ac frequency range from 1 mHz to 300 kHz
with perturbation of 5 mV), CV and CC curves were recorded using a frequency
response analyzer 1252A and potentiostat SI1287 (Solartron, UK). The CP tests
were carried out on a BT2000 testing system (Arbin Instruments, USA).

5.3 Physical characterization

5.3.1 Raman spectroscopy

Raman spectra were recorded using a Renishaw inVia micro-Raman spectro-
meter with Ar laser excitation beam (A= 514 nm). Obtained spectra were
baseline corrected using 4th order polynomial baseline and thereafter norma-
lized relative to the G-band intensities. Data analysis was done using OriginPro
software.

The first-order region of Raman spectra shows two distinct bands characte-
ristic of amorphous carbon materials: one at Raman shift ~1330 cm™ (D-band)
and second at ~1590 cm™ (G-band) [45,67-69]. The G-band is assigned to the
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doubly degenerate Raman active E, in-plane vibration mode, which is attri-
buted to the in-plane stretching motion of sp” carbon atom pairs. The presence
of G-band indicates that the sample contains sp® carbon bonds. In contrary, the
D-peak originates from defect-induced Raman features such as 4, symmetry.
This peak reflects the presence of disordered areas in carbon particles. The
integrated D-band and G-band intensity ratio /p//g is widely used to characterize
the quantity of defects in graphic materials [45,70—73]. However, fitting the D-
and G-peak area with only two peaks left a substantial fit residual between the
D- and G-peak area and before D-peak. A better fit was obtained by using four
Lorentzian functions [74,75].

5.3.2 X-ray diffraction

X-ray diffraction (XRD) patters of the activated carbon materials were acquired
using Bruker D8 Advanced Diffractometer with Cu Kol radiation (1.540596 A),
Variol focusing primary monochromator, two 2.5° Soller slits and a LynxEye
line detector. XRD patterns of the synthesized carbon material, exhibit very
weak diffraction peaks corresponding to the graphite (hexagonal symmetry,
space group P6s/mmc) 002 peak at 26~ 25° and 100/101 peak at 26~ 43°.

5.3.3 Scanning electron microscopy (SEM)

Characterization and imaging of the surface of activated carbons were con-
ducted using a variable pressure Zeiss EVO MAL1S5 scanning electron micro-
scope, equipped with an Oxford X-MAX energy-dispersive detector system
(EDS). Spectra were collected in variable pressure mode using 20 keV accele-
rating potential and focused electron beam and images were measured in
secondary electrons mode.

5.3.4 Gas sorption

The nitrogen and carbon dioxide adsorption-desorption were carried out using
an ASAP 2020 (Micromeritics, USA) and 3Flex (Micromeritics, USA) systems.
The DFT specific surface area (Sprr), pore volume (Vper) and pore size
distribution data were calculated using fitting of N, isotherm data with "Carbon-
N2-77, 2D-NLDFT Heterogeneous Surface" (SAIEUS v2.02, Micromeritics)
model. As a comparison, Brunauer-Emmett-Teller specific surface area (Sggr)
was calculated via multiple points method in the relative pressure (p/po) range
from 0.05 to 0.1. The total pore volume (V) was calculated from the amount of
adsorbed nitrogen at relative pressure p/py = 0.995.
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6. RESULTS AND DISCUSSION

6.1 Physical characterization

6.1.1 XRD and Raman spectroscopy

As discussed earlier, the structure of activated carbon electrodes heavily in-
fluences the electrochemical behaviour of the SC device. Porous carbon ob-
tained via the HTC process and ABS activation all exhibit rather amorphous
structure, making it difficult to analyze in-depth, although some generalized
data can be gathered. As can be seen in Fig. 8, characteristic XRD spectra for
the materials under study show very little long-range repeating structures as a
result of the random nature of particle growth in the HTC process. The diffrac-
tion reflexes seen in Fig. 8b can be attributed to graphite-like structures (hexag-
onal symmetry, space group P6s/mmc) for 002 peaks at 26~ 24° and 100/101
peak at 26 ~ 43°. At lower 26 angle values, the signal also grows as larger
structures dimensions are probed such as smaller macromolecules and micro-
and mesopores [76]. All in all, there were very little differences between XRD
patterns for synthesized activated carbons.
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Figure 8. Raman spectra (a) and characteristic XRD patterns (b) for various activated
carbons.

In conjunction with XRD, the Raman spectroscopy was used to further charac-
terize the materials. Compared to XRD data, the signal for Raman originates
from the structural vibrations, in addition, the probing wavelength and the inter-
action volumes are comparatively different in the case of Raman spectroscopy.
Therefore, the information gathered from the two methods is fundamentally
different, although the results gained are in both cases relate to the graphitic
structure.
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Figure 9. Raman spectra fitting for WSDC ZnCl, (similarly applied to all studied
materials).

Raman spectra offer detailed information about the structure that can be used
both quantitatively and qualitatively. Often empirical formulas are used for the
interpretation of the Raman spectra of disordered carbons. However, the results
of this quantitative analysis with empirical formulas have been shown to have
errors as high as 100% [74,77-79].

All in all, the materials activated with KOH exhibited broad and overlapping
D and G bands. Fitting the Ip/ls (visualized in Fig. 9) revealed (Fig. 8) that the
activation with KOH led to relatively more amorphous carbon structure com-
pared to materials activated with ZnCl,.

6.1.2 SEM results

Lateral contrast images highlight the different activation mechanism for KOH
and ZnCl, (Fig. 10) vividly. For ZnCl, activated materials, the characteristic
spherical particles of hydrochar precursor remain unchanged. In contrast,
increasing KOH amount in impregnation mixture results in carbon materials
that surface continuously changing into a more spongy structure, baring the
marks of gasification reactions. It is visible that surface morphology strongly
depends on the raw material. In case of not analytically pure sugar (WSDC
ZnCl,, Fig. 11) the resulting carbon spheres were larger in average and median
diameter and had a mixture of smaller and bigger spherical particles present.
For PDC, the raw material was even less homogeneous. The initial disordered
structure remained similar after activation with ZnCl, and no spherical particles
were detected at higher magnification values. (Fig. 11).
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Figure 10. SEM images for GDC materials synthesized using KOH and ZnCl, with
spherical particle size parameters (noted in the figure).
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Figure 11. SEM images for hydrothermal carbons and carbon materials from granulated
white sugar and peat with spherical particle size parameters (noted in the figure).
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6.1.3 Gas sorption results

Activated carbon powders porosity was characterized via N, (Fig. 12a,b) and
CO, (some materials) sorption measurements analysis and the main results are
compiled in Table 1.

The activating reagents have enhanced the overall porosity of precursors and
using higher quantities also improved the outcome. Unfortunately, the mixed
activation resulted in less than hoped for results. That said, ZnCl, and KOH, if
used separately, seemed to have yielded in similarly high surface area and total
pore volume values. If only the values calculated by NLDFT are considered, the
KOH activation enables to obtain superior results in SSA versus ZnCl, activation.

Pore size distribution (PSD) plots (Fig. 12¢,d) reveal that the growth in
surface area and total pore volume is caused by widening of pores in the smaller
mesopores region (<3 nm). For PDC, the PSD highlights the scale of ZnCl, acti-
vation effect on organic precursor material as existing macrostructures remain
mainly intact. Adding more ZnCl, seems to gradually widen the pores (Fig.
12b) enabling in concept the fine-tuning the materials to match the need of the
specific EDLC application.
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Table 1. Porosity parameters for synthesized carbon materials.

Carbon material SgeT / Vit ! Sprr / Vorr /
m? g—l em’ g—l m? g-l em’ g—l

GDC (no activation) 540 0.26 840 0.26
GDC ZnCl, (1:1) 1210 0.55 1530 0.54
GDC ZnCl, (1:1.5) 1820 0.84 1590 0.66
GDC ZnCl, (1:3) 1990 0.96 1470 0.91
GDC ZnCl, (1:4) 2320 1.01 1700 1.01
GDC KOH (1:4) 2150 1.00 1990 0.93
GDC KOH/ZnCl, (1:2:2) 750 0.37 1120 0.36
GDC ZnCl, (1:4) 2150 1.01 1740 0.92
PDC ZnCl, (1:4) 1000 0.83 840 0.78
WSDC ZnCl, (1:4) 2110 1.05 1600 0.96

Sper — specific surface area is calculated according to the BET theory, Vi, — total volume
of pores is calculated from the adsorbed amount near the saturation pressure, Sprr— and
Vprr — specific surface area and total pore volume, respectively, are calculated with the
2D-NLDFT-HS model using the SAIEUS software.

6.2 Electrochemical characterization

6.2.1 Cyclic voltammetry results

To visualize the faradaic and non-faradaic electrochemical processes near-maxi-
mum cell potential, a CV measurement was carried out. The curves presented
(Fig. 13) were measured at the 3rd cycle. It was found that at smaller scan rate
values (Fig. 13a,d) the test cells exhibit nearly rectangular behaviour. At higher
potential scan rates noticeable deviations near maximum cell potential values
have been observed. The ideal rectangular shape gradually changes as the cell
resistance has more impact at higher sweep rates taking a heavy toll on the
energy storage capabilities (Fig. 13b,c). The quantity of ZnCl, used for activa-
tions of carbonaceous powders did not change the overall CV shape in
completed EDLC. The increased pore width, however, seems to improve high
sweep rate characteristics as more of the total surface area can be utilized
(Fig. 12b,c). On the other hand, altering activating reagents and precursor mate-
rials can change the overall transient state behaviour significantly. In general,
the materials with more developed mesoporosity exhibited better CV characte-
ristics. Based on CV behaviour, the KOH activated GDC show highest capaci-
tance values (Table 2) and had the broadest ideal polarisable region in AN
based electrolyte.
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Figure 13. CV and capacitance retentions curves for GDC ZnCl, series with different

activating reagent amounts (a-c) in EMImBF, electrolyte at AV =3 V. CV curves for
EDLC based on different activated carbon materials (d) in 1 M Et;MeNBF, in AN
electrolyte.

6.2.2 Constant current method results

Synthesized materials were characterized by CC method applying different
fixed constant current regimes (from 0.1 to 5 A g ', Fig. 14) The discharge
capacitances (Table 2), energy and coulombic efficiencies (Fig. 14) have been
calculated from the data of the third charge/discharge cycle. In general, the
materials with higher mesoporosity retained the ideal triangular shape even at
j>1A g'. Calculated coulombic efficiencies (Fig. 15a) however remained
constant towards change in electrode material or even the applied current
density value emphasizing the questionable usefulness of this parameter toward
describing the non-ideal EDLC systems. On the other hand, energy efficiencies
indicated that materials with higher mesoporosity were able to maintain
superior properties even at rapid transient conditions (Fig. 15a,b). This was
especially apparent for AN based systems.

35



3.2

30
ST ) v N N _ 28}
S S
w T 26 -
< <
g 3 24f
g g
= = 22t
[0 Q
o (]
20
18
’ . 161 ;
i 1 1 1 L L L Lt 1 1 1 1 L L L L
0 200 400 600 800 1000 1200 1400 1600 1800 0 20 40 60 80 100 120 140 160
Time (s) Time (s)

Figure 14. Constant current charge/discharge cycles at current density j = 0.1 A g ' (a)
and j =1 A g (b) in EMImBF, electrolyte for different activated carbons (ZnCl,
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6.2.3 Electrochemical impedance spectroscopy results

Experimental Nyquist plots were measured in the two-electrode cell at fixed cell
potentials using 5 mV perturbation amplitude. Fig. 16 shows the impact of
different materials for 1 M Et;MeNBF,4 in AN based EDLC performance. At
cell potential 3 V, the materials exhibit almost linear low-frequency behaviour,
where two materials with lower porosity (GDC and GDC KOH+ZnCl,) show
some residual frequency dependency even at 1 mV. At such sluggish perturba-
tion, all the surface is active meaning that these two materials exhibit slow
faradaic reactions and cannot be used at so high cell potential.
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Figure 16. Nyquist plots for the EDLCs based on the different carbon material
(symbols, noted in the figure) and fit results (line) in 1 M Et;MeNBF,in AN electrolyte.
The equivalent circuit used for fitting is given in inset of figure.

Synthesized materials that were systematically tested in EMImBF, and 1 M
Et;MeNBF, in AN based electrolytes showed drastic differences in the high to
the middle-frequency region (Fig. 17). The IL-based systems had roughly three
times higher Rgs values compared to AN based EDLC. The IL-based system
also had a considerably wider diffusion controlled region. This can be explained
by the bulk electrolyte physical properties, where IL electrolyte having almost
two orders higher viscosity (77an = 0.41 mPa s vs 7 = 38.2 mPa s) and more
than three times lower conductivity (xan = 50.2 mS cm 'vs xj; = 13.6 mS cm_l)
than AN based electrolytes [27].
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The C;values calculated from EIS data reach plateau values as the timescale of
the experiment reaches around 0.1 Hz frequencies range (Fig. 18).
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Figure 18. Specific series capacitance vs ac frequency dependencies for the EDLCs
based on the different carbon materials (noted in the figure) in 1 M Et;MeNBF, in AN

electrolyte at AV =2.7 V.
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The maximum series capacitance is heavily dependent on the carbon material
used. The materials with higher specific surface areas have more active sites
and demonstrated higher charge storage values at the same cell potentials. The
capacitance values obtained from EIS measurements are backed up with the
transient state studies (CC and CV data, Table 2) that provide similar results.

Besides capacitance values, systems specific characteristic time constant
(Tchar) values were calculated by fitting the low-frequency C" peak areas with a
polynomial and interpolating the maximum value. Theses 7, correspond to the
“knee” frequency, where the perturbation signal triggers the whole usable
surface. Surprisingly, the shortest 7., values were obtained for materials with
the lowest mesoporosity (Fig. 19, Table 1). Most likely, for these materials, the
active surface does not include the pore depths of carbon particles, simplifying
the mass transport loop. However, materials with reasonable mesoporosity also
showed short 7., values (under 1 s) in AN based electrolytes. In EMImBF,
electrolyte, the same materials had several times higher 7., values (Table 2)
due to mass transport limitation in a more viscous medium.
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Figure 19. The imaginary part of capacitance vs ac frequency plots for the EDLCs
based on the different carbon materials (noted in the figure).
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Table 2. Calculated capacitance and characteristic time constant values.

Carbon material Electrolyte Cev Ccc C, Tehar
Fgh [ (Fg') | Fgh | ©®
GDC KOH Et;MeNBF, in AN 131 136 134 0.84
GDC KOH+ ZnCl, EtsMeNBF, in AN | 77 57 79 1.06
GDC ZnCl, Et;MeNBF, in AN 112 108 118 0.84
PDC ZnCl, Et;MeNBF, in AN | 80 77 83 0.33
WSDC ZnCl, Et;MeNBF, in AN 110 109 121 0.53
GDC Et;MeNBF, in AN 19 5 6 0.21
WSDC ZnCl, EMImBEF, 134 136 141 421
GDC ZnCl, EMImBF, 128 123 140 2.12

Ccv — specific capacitance, calculated from CV curves within the cell potential range
from 0 to 3.0 V using the integrated charge Q obtained at potential scan rate v =
ImVsh Cpe— average specific capacitance, calculated from DC curves within the cell
potential range from 1.5 to 3.0 V; C, — specific series capacitance, calculated from
electrochemical impedance data at cell potential AV = 3.0 V. 7., — characteristic time
constant, calculated from C” vs f'plots at maximum frequency values.

6.2.3.1 EIS fitting

EIS data shown in Fig. 16 were fitted with the same equivalent circuit (EC)
(shown in the graph) to compare different materials in detail.

Table 3. Fitting results.

R,/ Qcm’ | Cy/PF em™ | Cpys/ F em™ Ryg,/ Q cm’
WSDC ZnCl, AN 139£0.13 | 21720 | 0.3902+0.0018 | 0.111+0.074
PDC ZnCl, AN 35+1.9 219+51 | 0.2762+0.0016 | 0.05706 = 0.0097
GDC ZnCl, AN 1.72£0.25 | 331+25 | 0.4667+0.0030 | 0.1746+0.0078
GDC KOH AN 1.2940.10 | 19.19+0.92 | 0.4836+0.0024 | 0.38100.0088
GDCKOH ZnCL, AN | 12+N/A | 11.6+0.7 0.285 £ 0.004 0.488 +0.012
GDC AN 56+1.2 53421 0.0600 + 0.0062 0.49 £0.13
WSDC ZnCl, IL 1407094 | 103+£10 | 0.4869+0.0045 | 0.289+0.015

In the EC, L — the high-frequency (wire) inductance, Cs — “true” interfacial capacitance
(without adsorption effects), C,4s — the adsorption capacitance and R4 — the adsorption
resistance. R, — the parallel resistance, which describes the high-frequency behaviour.

Prior to fitting, Kramers—Kronig analysis was carried out on EIS data to deter-
mine the suitable frequency range, resulting in some low-frequency points being
discarded. The best fit was obtained with an equivalent circuit model that con-
sisted of eight elements in total [80,81]. The same EC model was applied both
AN and IL-based EDLC systems. Our fitting results revealed that the C,gs
values are more than three orders greater than C.r values for both electrolytes
(Table 3). This means that the low frequency series resistance Cy(f—0) is main-
ly dominated by the slow adsorption of electrolytic ions onto/into the porous
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electrode surface. It is also apparent that R,4 values are lower for material with
higher mesoporosity due to having a more developed mass-transport network.

6.2.4 Constant power measurements

For more variable load electrochemical characteristics of the electrode mate-
rials, constant power (CP) test at cell potential range from 3 V to 1.5 V was per-
formed.

In general, the power/energy characteristics were found highly dependent
on the electrode material used. For similar materials, changing the 1M
Et;MeNBF,in AN electrolyte to EMImBF, (IL) improved the maximum
specific energy achieved, but on the other hand, this exchange also resulted in
reduced maximum specific power values (Fig. 20). Additionally, the activated
carbons with high mesoporosity showed significantly better power and energy
characteristics compared materials that are almost entirely microporous.
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Figure 20. Ragone plots for EDLC based on different materials (noted in the figure)
filled with IL (EMImBF,) or IM Et;MeNBF, in AN electrolyte (noted in the figure).

For more detailed analysis, a total of 36 carbide-derived and sugar-derived
carbons was included to assess the key parameters for high power EDLC
[10,81]. As a first approximation method, correlations with the pore length
obtained by 2D NDLFT model (around electrolyte ion cross-section length) to
the specific power values at 0.36 s (Fig. 21) and 3.6 s (Fig. 22) were con-
structed. Despite the simplistic approach, the correlation coefficients (noted in
the figure) show interesting trends describing the pores contributing to expe-
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rimental power characteristics. Based on the statistical results in Figs. 21 and
22, the pore width strongly influenced the power characteristic of the carbon
materials. To assess linear and nonlinear cases, the experimental correlation
Pearson’s and Spearman’s correlation coefficients were calculated. Both corre-
lation coefficients increase with the increase of the pore widths. When the
discharge time was increased from 0.36 s to 3.6 s the mass transport to smaller
pores was made possible and the corresponding correlation coefficients along
with power values also increased. It was observed that pores smaller than
0.85 nm have a questionable contribution on adsorption processes at the time-
scale of 3.6 s and below. It is possible that at longer time intervals, the pores
under 0.85 nm will show meaningful correlations, but then the EDLC studied
will lose their core functions as a high power device.
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Figure 21. Correlation data between carbon materials pore surface areas at varying pore
widths vs specific power of EDLC based on the same carbon material at 0.36 s
discharge time in Et;MeNBF, in AN electrolyte.
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At pore width over 0.85 nm, correlations with P3¢ rapidly turns positive and
the correlation coefficients seem to increase as wider pore widths are compared.
Thus, it seems that pore widths above 0.85 nm are very crucial for high power
devices electrode materials.
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Figure 22. Correlation data between carbon materials pore surface areas at varying pore
widths vs specific power of EDLC based on the same carbon material at 3.6 s discharge
time in Et;MeNBF, in AN electrolyte.
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7. SUMMARY

Several activated carbons with different porosities were synthesized via a novel
two-step process using hydrothermal carbonization and subsequent activation
steps. The physical parameters of the activated carbon materials have been ana-
lyzed and compared to the results obtained by the electrochemical measure-
ments to improve EDLC applications further.

Based on the XRD and Raman spectroscopy results, the obtained materials
lack well ordered crystalline structures and are highly disordered. The KOH acti-
vation did, however, produce more disordered carbons and changed the initial
carbon more, in comparison to the ZnCl, activation, which did not alter the
carbon structure noticeably. The SEM images visualized the effects of funda-
mentally different surface reactions occurring during KOH and ZnCl, activations,
but both reagents surprisingly caused rather similar porosity development in the
carbon structure. The gas sorption analysis data also revealed the porous structure
that can be tailored further to match the need by altering the initial quantity of the
activating reagent.

The two-electrode symmetrical test cells were completed using the synthe-
sized carbon materials and EMImBF, ionic liquid or Et;MeNBF, in AN were
used as the electrolytes. The shapes of the measured EIS, CV, CC and CP
curves were highly dependent on the activated carbon electrodes as the EDL is
formed at and in the vicinity of the electrode surface.

The EIS and CV measurements results indicated that the best materials can
be successfully used at cell potential up to 3 V. Also EIS revealed that lower
characteristic time constant values were calculated for materials with almost no
mesoporosity and for materials with the highest mesoporosity giving the
impression that highly microporous materials do not fully use their available
surface area. This was also observed through the statistical analysis of experi-
mental power and pore width correlations which revealed the critical role of
pores over 0.85 nm in width for completing high power EDLCs.

Systematic analysis of data collected shows that from all of the synthesized
materials the best energy storage properties were observed for GDC KOH and
GDC ZnCl,, where four-times more activating reagent was used compared to
the carbonaceous precursor. All the activating reagents successfully increased
the porosity (reaching up to Sprr = 1990 m”> g™') resulting in high measured
power density (Pmax = 60 kW kg™') devices that maintained reasonably high
energy densities (£ =10 W h kg™"). With the IL electrolyte slightly higher maxi-
mum energy (48 W h kg™') and capacitance (140 F g') values were achieved.
However, as a drawback, the use of IL lowered capacitance retention and maxi-
mum power values. In conclusion, activated carbon obtained via the HTC pro-
cess produce very interesting electrode materials for EDLC applications, but
there is some room for improvements to meet ambitious industry requirements.
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9. SUMMARY IN ESTONIAN

Aktiveeritud siisinike mikrostruktuuri ja poorsuse moju
elektrilise kaksikkihi kondensaatorite omadustele

Elektrilise kaksikkihi kondensaatorid (EKKK) on seadmed, mida kasutatakse
energiaimpulsside salvestamiseks vOi nende genereerimiseks. Neid rakenda-
takse, kui on oluline salvestada/véljastada palju energiat lithikese aja jooksul
ehk oluline on saavutada suur voimsus. Veel iseloomustab EKKK muljetaval-
dav vastupidavus nii korduva tdis- ja tithjakslaadimise (eluiga >100 000 tsiiklit)
kui ka ekstreemsete kasutustemperatuuride (—40 kuni 85 °C) korral. See annab
EKKKIe suure eelise vorreldes akude ja kiituseelementidega.

Uks tihtsamaid EKKK komponente on selle elektroodid, mis miiravad pal-
juski kogu energiasalvesti vdimekuse ja hinna. Selles t60s uuriti uute ja jéatku-
suutlike elektroodimaterjalide siinteesimise viise ning hinnati saadud mater-
jalide fiiiisikalisi ja elektrokeemilisi omadusi. Elektroodimaterjalid siinteesiti
kaheetapilise meetodiga, kus esimeses etapis siinteesiti siisinikurikas materjal
hiidrotermilise karboniseerimise (HTK) meetodil. HTK meetod vdimaldab
siisiniku siinteesimiseks kasutada laia valikut ldhteaineid nt suhkruid (selles
to0s gliikoos, sahharoos) kui ka keemilise koostise mottes keerukamaid mater-
jale nagu turvas. Lisaks on HTK odav ja keskonnasobralik meetod, sest keemi-
lise reaktsiooni lahustiks on vesi.

HTK kiigus saadud tahke siisinikurikas materjal ei ole piisavalt poorne ega
stisiniku pind piisavalt puhas, et seda saaks edukalt kasutada elektroodimaterja-
lina EKKK. Seetottu aktiveeriti HTK kaudu saadud materjali siinteesi teises
etapis, kus aktiveerimiseks kasutati kaaliumhiidroksiidi (KOH) ja tsinkkloriidi
(ZnClz).

Pérast kahte siinteesietappi saadi aktiveeritud siisinik, mille eripinna véartu-
sed olid kuni 2320 m* g'. Saadud materjale uuriti nii rontgendifraktsioon,
Raman spektroskoopia kui ka skanneeriva elektronmikroskoopia meetoditega.
Leiti, et siinteesitud aktiveeritud siisinikud olid valdavalt viga ebakorrapéralise
struktuuriga. Lisaks tuvastati, et osad aktiveeritud siisinikud koosnesid ~1-2 um
suurustest sfadrilistest osakestes, mis tekkisid juba HTK protsessis. Seejuures
ZnCl, aktiveerimise korral sdilis algne sfdiriline struktuur, kuid KOH puhul
tekkisid tdiesti uued augulised struktuurid.

Aktiveeritud silisinikmaterjalidega teostati elektrokeemilised modtmised
kaheelektroodilises testrakus. Parimate materjalide erimahtuvused olid kuni 140
F ¢! ning erivdimsused 60 kW kg™'. Lisaks analiiiisiti ka erinevate laiustega
pooride panust ja rolli suure voimsuse saavutamiseks EKKK tiihjaks laadimisel.
Leiti, et darmiselt tdhtsad on poorid mille laius on iile 0.85 nm.

Kokkuvoéttes siinteesiti ja analiiiisiti mitmeid huvitava struktuuriga elektrit
hidsti juhtivaid odavaid ja paljulubavaid EKKK elektroodimaterjale, mille
mikrostruktuuri ja poorust on vdimalik 1&hteaine valiku ja aktiveerimise tingi-
mustega kontrollida ja muuta.
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