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Abstract

Different micro—mesoporous carbons derived from p-glucose (GDC), granulated white sugar (WSDC) and highly decom-
posed Estonian peat (PDC) were synthesized using hydrothermal carbonization and direct activation methods. The resulting
carbonaceous materials were activated using chemical (KOH and ZnCl,) and physical (CO,) activation methods. The electro-
chemical characteristics of the electrical double-layer capacitors (EDLCs) based on 1 M Et;MeNBF, solution in acetonitrile
and EtMeImBF, were measured using two-electrode cells. The EDLCs assembled had specific capacitances from 20 up to
158 + 18 F g~! (in EtMeImBF,) and phase angle values from —65° to —88° (at low frequencies). The characteristic time
constant values vary more than 10 times. Applying constant power discharge method, very high energy and power densities
(34 W h kg~! at 10 kW kg™!) for activated carbon powders-based EDLCs have been measured. Fitting of impedance data
showed that enhanced mesoporosity reduces the adsorption and mass-transfer resistance values.
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1 Introduction

. . . . . Electrochemical energy conversion and storage devices are
Electronic supplementary material The online version of this . .
article (https://doi.org/10.1007/s10800-019-01364-5) contains the basis of a sustainable energy economy of the future
supplementary material, which is available to authorized users. [1-12]. Whatever method is used to generate electrical
energy (solar photovoltaic cells, wind turbines, etc.),
energy storage is inevitable for grid stabilization. Super-
capacitors can store energy as electrical charge, Li-ion
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and Na-ion batteries can store energy as electrochemically
active compounds [1-6]. Due to the fundamental differ-
ences in the mechanism of energy storage processes, Gibbs
electrostatic adsorption in supercapacitors and faradic oxi-
dation/reduction reactions in Li-ion and Na-ion batteries
and polymer electrolyte membrane or solid oxide elec-
trolysis cells, the characteristic charging/discharging times
(and relaxation times) are very different [3-21].

In electrical double-layer capacitors (EDLC), the char-
acteristic relaxation times can be very short if the highly
micro—mesoporous electrodes have been used [8, 13-21].
Thus, the EDLCs can generate very short but very high
power density current pulses without degradation of the
electrode materials [1-4]. However, for Li-ion and Na-ion
batteries, the very high-density current pulses are harm-
ful and quick degradation of devices is possible [5-7].
The polymer membrane electrolyte electrolysers or CO,
and H,O co-electrolysers are under intensive studies with
the main direction to prepare devices resistive for current
pulses and quick cyclation of cell potential [11, 22]. Thus,
for very effective pulsating energy storage (corresponding
to the quickly pulsating solar or wind energy), the electro-
lysers should have very quickly inflecting polarizabilities
of electrodes. Therefore, the electrodes should have very
short characteristic relaxation times, i.e. very high oxida-
tion/reduction rate constant values at devices electrodes
[22-24]. In addition, the very flexible hydrogen accumu-
lation/storage/release devices should be developed and
applied [25, 26]. Solid oxide electrolysers usually cannot
be used in energy recuperation systems without introduc-
ing intermediate energy storage devices like high power
density EDLCs and pulse batteries.

For effective long-lasting application of the energy stor-
age electrodes/devices, the alternative extremely high cur-
rent pulses should be avoided. However, for quick release
of electricity, the highly micro—-mesoporous electrodes
with very good electrical conductivity of a matrix mate-
rial as well as current collectors should be used [27-29].
In principle, the series resistance (sometimes known as
high-frequency series resistance) consisting of the cur-
rent collector resistances, electrode matrix resistance
and contact resistance value between electrode layer and
current collector and electrolyte layer (so-called volume
resistance in porous electrode matrix) determines the
total series resistance of a device [8, 18]. In addition, the
mass-transfer and adsorption resistance values are very
important parameters determining the energy accumu-
lation/liberation rate. Lipophilicity of the electrode and
separator materials and viscosity of an electrolyte are very
critical parameters as well [8, 27, 29-31]. It is clear that
the viscosity of electrolyte solution increases very notice-
ably from H,O-based electrolytes to propylene carbonate,
ethylene carbonate and future to various ionic liquids and/
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or ionic liquids mixtures, increasing the series resistance
of the two-electrode cells [8, 27-29, 32-42].

In addition, the electrolyte conductivity increases and
Debye screening length (solvated ion diameter) decreases
with the rise of electrolyte concentration as given by Eq. (1)

1
2
1= e.gokgT )
D~ 2.2
Zipooie Zi

where p_; is the number density of ion type i, €, is the low-
frequency dielectric constant (static) of the solvent, g is
the dielectric constant (permittivity) of vacuum, 7 is tem-
perature, kg is the Boltzmann constant and z; is the charge
of ion i. Thus, the Debye length scales inversely with the
square root of bulk ion density (concentration). Within the
mean-field Poisson—-Boltzmann model, a high concentra-
tion of ions leads to screening of an electrostatic potential
over short distances [43, 44]. For example, in a solution
of NaCl in H,O (25 °C) and c= 1073, M Ap 1s 9.6 nm, and
Ap=0.96 nm if ¢=10"! M (nearly equivalent to the diam-
eter of only 4 H,0 molecules). At highly concentrated solu-
tions, the Debye—Hiickel and Poisson—-Boltzmann derived
models are not applicable on carbon activated with ZnCl, at
different conditions. With the increase in temperature, the
values of 4, decreases non-linearly causing some increase of
conductivity. In addition, the effective diameter of ion [45,
46] decreases with the increase of the cell potential. The
differential capacitance C for real geometrical surface with
some non-homogeneity can be expressed as:

C= CGC(E)R(K’ E) 2)
where the C5(E) is the Gouy—Chapman capacitance for an
ideally flat surface and R(k, E) is the potential dependent
roughness function [44—46]. The C5c(E) is given as:

eke(E)

Ccc(E) = i

(©)

where the effective diffuse layer thickness k,;(E) is given as:
eE
E)= — ),
K.(E) = K cos < kBT> 4)

and ¢ is the dielectric constant of the electrolyte layer, x is
the Gouy length (i.e. the inverse of Debye length), e is the
elementary charge and where rational potential E=FE,—E__,
and E__ is the zero-charge potential and E, is the measured
potential [45, 46].

Thus, the increase of cell potential can be expressed as a
nearly linear increase of capacitance, observed for LiCIO,,
NaBF,, LiPFg, etc. solutions in acetonitrile, ethylene car-
bonate + propylene carbonate mixtures, etc. [16, 36, 42,

47]. For an ideally flat electrode, R(K, E) =1, and we have
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the traditional Grahame results [44—47]. For geometrically
rough electrodes, R(K, E)> 1

For ionic liquid electrode interface, Kornyshev et al. have
worked out many sophisticated models [48—50]; however,
there is no consensus established yet.

Different carbon materials are used in order to prepare the
hierarchically micro-mesoporous electrodes for EDLC [6,
8, 51-56]. Organic materials and bioorganic waste materials
are quite often being used to prepare cost-effective carbon
materials [51, 56-58], but carbide-derived carbons (CDC)
have a unique micro-mesoporous hierarchical structure with
a narrow pore size distribution, a possibility to fine-tune the
pore size and pore volume ratio, and also they have high
electrical conductivity [6, 8, 14, 15, 59]. These properties
make the CDC materials especially promising for extremely
high energy storage/power generation applications [6, 8—10,
13-15]. However, the CDC-based EDLCs are expensive and
therefore these materials are very good mainly for detailed
fundamental analysis [57-60].

Activated carbon materials are widely studied for several
other energy storage applications. In order to improve the
specific surface area and average pore size of non-CDC car-
bon materials, they are often activated by gas-phase (CO,
and H,0) or solid-phase (ZnCl, and/or NaOH or KOH) acti-
vation or even combined methods [51, 53, 56-58]. Since
gas-phase activation enables cleaner production, it is some-
times more favourable than the solid-phase chemical activa-
tion [8-10, 13, 14]. Carbon dioxide and H,O (steam) are the
most widespread activating agents due to cost-efficiency and
endothermic nature of their reactions with carbons which
allows better process control [8, 30, 51, 61]. However, the
ZnCl, or NaOH activation or combined methods generate
more mesoporous carbons that are more suitable for ionic
liquids-based EDLCs [30, 42, 58, 59, 61, 63]. Romén et al.
[58] have reported that while CO, produces narrow micropo-
res in the carbons and widens them as activation time is
increased, steam treatment of carbons yields pores of all
the sizes from the early stages of the process and results in
wider pore size distribution and more obvious development
of mesopores and macropores in the carbon materials [63].
For wide knowledge collection, all the above-mentioned
activation methods have been used for activation of GDC,
WSDC and PDC raw materials.

In this study, the EDLCs characteristics based on non-
aqueous electrolytes and very pure ionic liquids based on
two-electrode cells/devices will be discussed. For detailed
analysis, four groups of different carbons have been used:
D-glucose-derived carbons (GDC) activated with CO, at
different activation times (from O to 12 h), GDC activated
with KOH and/or ZnCl,, granulated white sugar-derived car-
bons (WSDC) activated with ZnCl, and the Estonian highly
decomposed peat, activated with ZnCl, under variable acti-
vation conditions.

The relationship between activation and posttreatment
parameters and the electrochemical characteristics of
obtained activated carbon materials like limiting capaci-
tance, characteristic relaxation time, ideal polarizability
region, limiting power and energy densities, established
using cyclic voltammetry, constant current charge/discharge,
impedance analysis with fitting data and experimental con-
stant power discharge data will be presented and discussed.

2 Materials and methods
2.1 Synthesis of carbon material

The carbon materials for supercapacitor electrodes were
made from different raw materials: p-glucose (GDC),
granulated white sugar (WSDC) and highly decomposed
Estonian peat (PDC). GDC and WSDC were synthesized
by dissolving p-glucose (>99.5% purity, Sigma-Aldrich) or
commercial granulated white sugar, respectively, in 100 ml
of ultrapure water (Milli-Q*, 18.2 MQ cm, Millipore).
Resulting 1 M p-glucose and 0.5 M sugar solutions were
used as a precursor for the hydrothermal carbonization pro-
cess which was carried out in a high-pressure reactor (Biichi
limbo, vessel volume 285 ml) at 200 or 260 °C for 24 h. The
product was cleaned with Milli-Q* water followed by dry-
ing in a vacuum oven (Vaciotem-TV, J.P. Selecta) at 120 °C
and 50 mbar. The synthesis procedures have been described
in more detail earlier [31, 42, 61]. The peat for PDC was
harvested from Mollatsi peatery in Tartu county, Estonia.
The as-received dry peat was mixed with water and blended
with a blender and then left to dry in an air atmosphere. The
blended dried peat was thereafter mixed with ZnCl, (1:4
mass ratio) and activated like previously mentioned carbon
GDC or WSDC materials [31, 42]. The GDC and WSDC
were activated using chemical and physical activation; KOH,
ZnCl, or CO, was used as the reactant. After activation, all
materials were treated with H, (purity 99.9999%) at 800 °C
for 2 h in order to remove oxygen-containing functional
groups from the surface of the porous carbons. All synthe-
sized materials with their abbreviations are given in Table 1.

2.2 Physical characterization of materials

The morphologies of the samples were characterized by
scanning electron microscopy (SEM), using the ZEISS
EVO MA15 SEM or the FIB-SEM Helios™ Nanolab 600
systems. The surfaces of the carbon samples were sputter-
coated with gold or platinum before SEM measurements.
X-ray diffraction (XRD) analysis was performed on Bruker
D8 diffractometer (Bruker Corporation) with position-sensi-
tive LynxEye detector using CuKa (A =0.154178 nm) radia-
tion with an angular step 0.01° and counting time 2 s for
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Table 1 Synthesis conditions Carbon material abbreviation

Synthesis conditions

HTC WSDC
HTC CO,
GDC

GDC CO, 12h
GDC CO, 8h
GDC KOH

GDC KOH+ZnCl,

GDC ZnCl,
PDC ZnCl,

WSDC ZnCl,

Intermediate material (SEM data only)
HTC: 0.5 M sucrose 200 °C for 24 h

Intermediate material (SEM data only)

HTC: 1 M glucose 260 °C for 24 h

HTC: 1 M glucose 200 °C for 24 h

Pyrolyzed at 700 °C for 2 h (Ar atmosphere)

HTC: 1 M glucose 260 °C for 24 h

Activation: CO, 900 °C for 12 h

HTC: 1 M glucose 260 °C for 24 h

Activation: CO, 900 °C for 8 h

HTC: 1 M glucose 200 °C for 24 h

Activation: HTC:KOH (1:4 mass ratio) 700 °C for 2 h (Ar atmosphere)

HTC: 1 M glucose 200 °C for 24 h

Activation: HTC:KOH:ZnCl, (1:2:2 mass ratio) 700 °C for 2 h (Ar
atmosphere)

HTC: 1 M glucose 200 °C for 24 h

Activation: HTC:ZnCl, (1:4 mass ratio) 700 °C for 2 h (Ar atmosphere)

Direct activation Peat:ZnCl, (1:4 mass ratio) 700 °C for 2 h (Ar atmos-
phere)

HTC: 0.5 M sucrose 200 °C for 24 h

Activation: HTC:ZnCl, (1:4 mass ratio) 700 °C for 2 h (Ar atmosphere)

each fixed angle measured. Diffraction spectra were recorded
at temperature of 25+ 1 °C. Raman spectra were recorded
using a Renishaw inVia micro-Raman spectrometer with Ar
laser excitation beam (4=514 nm). The obtained spectra
were baseline corrected using 4th-order polynomial and nor-
malized relative to the G-band intensities. Experimental data
were fitted with a combination of Lorentzian and Gaussian
functions. The lowest fitting error was achieved with a com-
bination of 4 Lorentzian functions (Figs. S1). Raman data
analysis was done using OriginPro 2016 software.

The porous structure of the activated carbon materials
has been characterized using the low-temperature nitrogen
sorption method at the boiling temperature of liquid nitrogen
(—195.8 °C) with the 3Flex surface characterization system
(Micromeritics, USA). The specific surface area, Sgg, has
been calculated according to the Brunauer—Emmett—Teller
(BET) theory [64]. The total volume of pores, V., has
been obtained at the conditions near to saturation pres-
sure, p/p,=0.95. The pore size distribution plots have
been calculated by applying two-dimensional non-local
density functional theory for carbon materials with the het-
erogeneous surface (2D-NLDFT-HS) to the N, adsorption
isotherm data using the Solution of Adsorption Integral
Equation Using Splines (SAIEUS) (Micromeritics, USA)
software [65]. Compared to previously introduced modi-
fications of NLDFT, the 2D-NLDFT-HS model takes into
account the surface curvature of graphitic layers and the
energetic heterogeneity of carbon (influenced by geomet-
ric roughness) surfaces caused by chemical composition,
impurities, and surface chemical groups [66]. Thus, applied
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2D-NLDFT-HS methods yield the pore size distributions
with a smoother and more realistic shape for different amor-
phous micro—mesoporous carbon materials.

2.3 Electrode preparation, cell assembly
and electrochemical characterization
of materials

Carbon electrodes were prepared from different synthe-
sized carbon materials (94 wt%) adding a 6 wt% of binder
(prepared from polytetrafluoroethylene, PTFE, 60% disper-
sion in H,O, Sigma-Aldrich). The mixture of the synthe-
sized carbon material and binder was laminated and roll-
pressed (HS-160 N, Hohsen Corporation, Japan) to form
an elastic layer of the carbon electrodes with a thickness of
105 £5 pm. After drying under vacuum, for better electro-
chemical (homogeneous) polarization of carbon layers, the
pure Al layer (2 pm) was deposited onto one side of the car-
bon material using a magnetron sputtering method. Standard
two-electrode test cells (aluminium, HS Test Cell, Hohsen
Corporation) were assembled using two identical carbon
electrodes (geometric area of 2.0 cm?) and 25-pm thick
TF4425 (Nippon Kodoshi) separator sheet. 1-ethyl-3-meth-
ylimidazolium tetrafluoroborate (EtMeImBF,, Sigma-
Aldrich, for electrochemistry, >99.0%, H,0 <200 ppm) or
1 M Et;MeNBF, (Stella Chemifa) solution in acetonitrile
(AN, H,0 <20 ppm, Sigma-Aldrich) was used as an elec-
trolyte. The cells were completed inside a glove box (Lab-
master sp, MBraun, O, and H,O concentrations lower than
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0.1 ppm). All electrochemical experiments were carried out
at temperature 7=20=+1 °C.

The electrochemical characteristics of EDLCs were
established by the electrochemical impedance spectroscopy
(EIS), cyclic voltammetry (CV), constant current charge/dis-
charge (CC) 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 analyser 1252A
and potentiostat SI1287 (Solartron, UK). The CP tests were
carried out on a BT2000 testing system (Arbin Instruments,
USA). ZView 3.5d was used for equivalent circuit fitting and
LIN-KK for Kramers—Kronig analysis.

3 Results and discussion

3.1 Physical characterization of activated carbon
material

SEM data, given in Figs. 1 and 2, show the surface structure
of precursor materials (HTC CO,, GDC and PDC) and their
chemically activated post-products. It is clearly visible that
surface morphology strongly depends on the raw material
and chemical activation conditions (CO,, KOH; ZnCl,, and/
or KOH +ZnCl,). Non-activated precursor materials (HTC
CO,, HTC WSDC and GDC) and ZnCl, activated materials
consist of spherical-shape particles with some interconnec-
tion between spheres. The microspheres generated during
hydrothermal carbonization are rather characteristic of the

2. J g
HTC CO, ; SBS
| Average 0.95 um }

| SD 0.15 um r(jjq
Median 0.96 pm [, o
< r/{\) D A
((1’,(((\\ N ‘a‘

[y

SD
Median

0.17 pm
0.84 um

GDC CO,12h

Average 0.88 um )
SD  004um %

Median 0.86 um [

s SD
¢ Median

Average0.86 um ?

precursor and method used [30, 31, 63, 67]. Average (arith-
metic mean) diameter, standard deviation (SD) and median
diameter values of spherical particles are presented in Figs. 1
and 2, established using fitting program Adobe Acrobat X
Pro. Most of the materials that were statistically analysed
have sphere diameter values from 0.85 to 1.11 pm with the
exception of WSDC materials that have particle diameter
around 3 pm (Fig. 2). The KOH and KOH + ZnCl, mixture
activated powders have a very complicated structure, espe-
cially when high amounts of KOH have been added to raw
hydrothermal carbon mass (Fig. 1). On the other hand, the
ZnCl, activation (GDC ZnCl,, WSDC ZnCl,) seems to have
very little or no effect on the surface morphology of particle
(Fig. 1). In general, there are porous layers with a random
distribution of surface defects presented at the chemically
activated GDC surfaces. Very non-homogenous particles
size dimension distribution has been calculated for non-acti-
vated peat and PDC ZnCl, powder. Both powders consist of
particles that have a very complicated non-spherical shape.

3.2 X-ray diffraction and Raman spectroscopy data

In order to further characterize the possible graphitization
of porous carbons, a Raman spectroscopy analysis was
carried out and the results are shown in Fig. S2. The first-
order region of Raman spectra shows two characteristic
peaks for amorphous carbon materials: one at Raman shift
~1334 cm™! (D-peak) and second at ~ 1594 cm™! (G-peak)
[30, 42, 67-70]. The G-band is assigned to the doubly
degenerate Raman-active E,, in-plane vibration mode

) GDC ZnCl, A

> Average 1.11 pm' §
0.12 um '
111 pm &

AN

@- i Median

" GDC KOH+ZnCl,
& Average 0.85 um B

0.14 pm o
0.86 um €

N

Fig. 1 SEM images for hydrothermal carbons and carbon materials from p-glucose (details noted in the figure)
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which is attributed to the in-plane stretching motion of
sp? carbon atom pairs. The presence of G-band indicates
that the sample contains sp* carbon networks. In contrary,
the D-peak originates from defect-induced Raman features
such as A, symmetry. This peak reflects the presence
of amorphous areas in carbon particles. The integrated
D-band and G-band intensity ratio Ip/l5 is widely used
to characterize the defect quantity in graphitic materials
[42, 68-72]. As can be seen in Fig. S2, the far-field Raman
spectra for all materials exhibited similar Raman peak
activities. The values of I/l (about 0.9) demonstrate
low graphitization degree of the zinc chloride-activated
carbon material, whereas CO,-activated materials show
slightly higher I/l (about 1.05) which indicates a some-
what lower disorder in the particles. Surprisingly, all the
materials show remarkable similarities in the 2D region
(2600-3200 cm™!) indicating that the stacking order of
graphite planes are not tied to the method of activation
[72].

As depicted in Fig. S2, the XRD patterns of the synthe-
sized carbon material exhibit very weak diffraction peaks
corresponding to the graphite (hexagonal symmetry, space
group P6;/mmc) 002 peak at 26~25° and 100/101 peak at
20 ~43°. No other peaks are found in the XRD patterns. All
sugar-derived carbon materials have nearly similar shape
diffractograms, where the two observed peaks are charac-
teristic of mainly amorphous carbon materials [13, 41, 42,
73-75]. However, the PDC material shows slightly lower
intensities, which may be caused by differences in material

Fig.2 SEM images for hydro-

thermal carbons and carbon HTC WSDC
materials from granulated white Average 3.0 pm
sugar and peat (details noted in - SD 15 pm

the figure) Median 2.7 um

WSDC ZnCl,

Average 3.2 ym
 SD 1.6 pm

Median -2.8 pm
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surface roughness and other external causes. Thus, Raman
spectroscopy and XRD data show that the carbon materials
are primarily amorphous.

3.3 Gas adsorption data analysis

N, adsorption isotherms with the 2D-NLDFT-HS model fits
are presented in Fig. 3a and b. The shape of an isotherm is
strongly influenced by the choice of raw material, physical
and chemical conditions of carbon synthesis, i.e. by the crys-
tallographic structure and density of defects in the carbon
electrode and on the powder surface (Figs. 1, 2 and S2). For
GDC materials, the limiting adsorption value (a plateau in
isotherms) is reached at low relative pressures, p/p,, which
is characteristic of materials without a substantial amount
of mesopores. Chemically activated carbons GDC KOH,
GDC ZnCl,, WSDC ZnCl, and PDC ZnCl, exhibit gradu-
ally increasing amounts of adsorbed N, with the increase in
logarithmically scaled p/p,, which is characteristic of materi-
als having some mesoporosity in addition to the micropores.
PDC ZnCl, exhibits some hysteresis between the adsorp-
tion and desorption isotherms, which is characteristic of
micro—mesoporous materials.

The highest amount of N, has been adsorbed by
WSDC ZnCl,, GDC KOH and GDC ZnCl,, having a
very high specific surface area and micro-mesopore vol-
ume values (Table 2). GDC, without chemical activation,
exhibits lowest specific surface area, Sppp < 540 m? g~!

<

Estonian hig‘hiy-decompc;séd
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Fig.3 N, adsorption and desorption isotherms presented in linear
(a), and logarithmic (b) relative pressure p/p,, scale, pore size distri-
butions versus differential pore volume plots (¢) and differential spe-
cific surface area (d) versus pore widths plots calculated according to

Table 2

21
1000 B = GDC CO, 8h « GDCZnCl,
900 ¢ GDCCO, 12h o WSDC znCl,
800 ¢ GDC KOH % GDC
GDC KOH+ZnCl, 2D-NLDFT-HS fit
"o 700 A PDCZnCl,
§ 600
o
£ 500
£400
>
0
0. 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
plp,
——GDC CO, 8h
5000
- - -GDC CO, 12h
----- GDC KOH
‘TE 4000 GDC KOH+ZnC|2
= ---=- PDC ZnCl,
NZ’ ------ GDC ZnCl,
~ 3000 s \WSDC ZnCl,
2 GDC
5
“ 2000
©
1000
0 = - 1
10

the 2D-NLDFT-HS model using SAIEUS software from N, adsorp-
tion data (fits calculated by 2D-NLDFT-HS model are presented as
dashed lines in a and b)

Sorption analysis data Carbon material Sper (m* g ™) Vi, (cm® g7 Sppr (M2 g7 Viper (cm® g')
GDCCO, 12h 1240 0.56 1530 0.53
GDC CO, 8h 1160 0.57 1510 0.55
GDC KOH 2150 1.00 1990 0.93
GDC KOH +ZnCl, 750 0.37 1120 0.36
GDC ZnCl, 2150 1.01 1740 0.92
PDC ZnCl, 1000 0.83 840 0.78
WSDC ZnCl, 2110 1.05 1600 0.96
GDC 540 0.26 840 0.26

Sger-specific surface area is calculated according to the BET theory, V, total volume of pores is calculated
from the adsorbed amount near the saturation pressure, Sy and Vpp-specific surface area and total pore
volume, respectively, are calculated with the 2D-NLDFT-HS model using the SAIEUS software [65]
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and Sppr <850 m? g7!, and total pore volume, V,, and
Vppr <0.26 cm® g7!, of investigated carbon materials.

The pore size distributions data, presented in Fig. 3c and
d, are very different depending on the synthesis conditions of
carbon powder. For GDC and WSDC powders, two clearly
visible maxima in the microporous region are observed, one
at pore widths, w).., of 0.6-0.7 nm (so-called ultramicropore
region) and second at 1.5 nm in the case of activating GDC
with KOH or ZnCl, and at 1.0 nm in the case of GDC CO,
activation (all in the micropore region) (Fig. 3c). In the case
of GDCs activated with CO,_ the positions of pore size dis-
tribution maxima are practically independent of CO, activa-
tion time applied and only the amount of pores (expressed as
specific surface area and total pore volume) changes with the
duration of the CO, activation [61]. For GDCs and WSDCs
activated with ZnCl, or KOH, there is a noticeable depend-
ence of the second pore size distribution peak position on the
chemical composition of activating agent and synthesis con-
ditions used. In addition, the pore volume increases notice-
ably for pores with w... from 0.9 to 2.0 nm, if activation
with KOH or ZnCl, is used instead of pyrolysis and CO,

200

1 M Et;MeNBF, + AN

“ 1 __6DpCcco, 12h
......... GDC KOH
GDC KOH+ZnCl,
PDC ZnCl,
-~ GDC znCl,
| ——wsDC znCl,
{ —-aDC

C,/Fg’
[S)

-100

-200

— GDC CO, 12h
I — GDC KOH
GDC KOH+ZnCl,
PDC ZnCl,
--- GDC ZnCl,
—-WSDC znCl,
—-GDC

C,/Fg'

-200 " L " 1 " L " 1

AE/V

Fig.4 Cyclic voltammetry curves expressed as specific capacitance
versus cell potential dependencies (C,,AE) for the EDLCs based
on the different carbon materials in Et;MeNBF, in AN (a, ¢) and
EtMeImBF, ionic liquid (b, d) (noted in the figure) at cell potential
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activation. However, almost no mesopores (w,,,. >2.0 nm)
have been formed during the chemical activation of GDC
and WSDC. PDC activated with ZnCl, exhibits a consider-
able amount of mesopores (W, > 2.0 nm), indicating that
the peat-derived carbon can be tuned further for high energy
and power density supercapacitor applications. Based on the
analysis of gas adsorption data, the electrochemical charac-
teristics can be tunable in a very wide range.

3.4 Cyclic voltammetry data

CV data have been measured at different potential scan
rates (v) from 10 mV s~! to 200 mV s~! and are given
as the capacitance versus cell potential (C,AE) curves in
Figs. 4a—d. The current density, j (calculated using the flat
cross-section geometric surface area), measured at fixed
potential scan rate has been used for calculation of the
medium capacitance values according to Eq. (5):

C=jv! &)

200

100

} GDC CO, 12h

& -
w9 } WSDC ZnCl,
S 200mVst )
_____ } GDC CO, 8h
_200 n 1 L 1 L 1 " 1
0 1 2 3 4
AEIV
300 d
GDC CO, 12h  EtMelmBF,

CnlFg

-200

AE/V

scan rates v=10 mV s~! (a, b) and v=200 mV s~! (¢) (noted in fig-
ure) within the cell potential range from 0 to 3.0 V. C,,,AE dependen-
cies for CDC CO, 12 h in EtMeImBF, at v=1 mV s~' for different
potential ranges (d)
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where j is the current density (per geometrical surface area
of an electrode, assuming R(k, E) = 1), v is the potential
scan rate and C is the cell capacitance. Equation 5 is cor-
rect if the capacitance C does not depend on the potential
applied [C#f(AE)] and the series resistance of the system
R,— 0; thus, the current response is essentially equal to that
of a pure capacitor [4, 8, 43, 75-78]. In a symmetrical two-
electrode system, the specific capacitance, C,, (F g71), for
one activated carbon electrode can be obtained as follows:
2C

Cn="=2, ©
where m is the weight in g cm™2 per one activated carbon
electrode, assumed that the positively and negatively charged
electrodes have the same capacitance at fixed cell potential
AE. Data in Fig. 4 show the nearly ideal quasi-rectangular
C, AE curves if v< 100 mV s~!. A small increase in capaci-
tance at high E can be explained by the decrease in the effec-
tive liner dimension of ions with cell potential (Egs. 2—4).
However, for non-activated or less activated GDC (activation
with KOH +ZnCl, and 8-h activation with CO,), there is a
noticeable dependency of C (at fixed AE) even at very low
potential scan rates, explained by the absence of mesopores
(as well as larger micropores, Figs. 3c and d) in the carbon
particles, established by gas adsorption analysis methods.
It is interesting to stress that noticeably higher scan rates
can be applied for analysis of chemically activated GDC
with KOH or ZnCl, and WSDC ZnCl,, i.e. for materi-
als with highly expressed amounts of larger micropores
(Wpore > 1.0 nm) as well as some mesopores in particles
(data in Fig. 4a—c). It should be stressed that GDC KOH and
WSDC ZnCl, demonstrated very high capacitance values
evenatv=1V s~ (not shown in Figures for shortness). Even

higher capacitance values have been calculated for heavily
micro—mesoporous GDC CO, 12-h carbon materials-based
EDLCs. PDC materials show moderate capacitance values
at v from 10 to 200 mV s~!. Thus, future chemical activa-
tion procedures of PDC ZnCl, powders are inevitable for
materials for high energy density EDLCs. CV data show that
materials with heavily different micro-mesoporous structure
have very widely spread electrochemical behaviour in 1 M
Et;MeNBF, in AN solution.

C, AE plots for EtMeImBF, ionic liquid electrolyte and
GDC, chemically activated GDC and WSDC ZnCl, elec-
trodes-based EDLCs, are very variable. Data in Fig. 4b
show that due to the higher viscosity of EtMeIlmBF,, the
dependence of capacitance on v is more noticeable, when
v>50 mV s~!. Higher potential scan rates can be applied
for GDC CO, 12-h GDC KOH and WSDC ZnCl, completed
EDLCs. Data in Fig. 4d show very high discharge capaci-
tance values for GDC CO, 12 h at cell potential AE<3.2 V.

The integrated capacitance values have been calculated
over the cell potential range AE from 0 to 3.0 V, using the
total charge g values obtained according to Eq. (7):

d(AE)

AE,
q=A{5 JAE)dt = f J(AE> 7

Integrated capacitance values are given in Table 3.

3.5 Constant current charge/discharge data

Constant current charge/discharge (CC) data, given in
Fig. 5a, b show, that only at moderate discharge (or charge)
current densities, there are linear plots and the charge and
discharge curves are symmetrical. For many systems, there

Table 3 Calculated capacitance

and characteristic time constant Carbon material Electrolyte Cey (F g™ Coc (F g™ C, (F gl Tehar (5)

values GDC CO, 12h Et;MeNBF, in AN 125 N/A 126 0.42
GDC CO, 8h Et;MeNBF, in AN 108 N/A 102 N/A
GDC KOH Et;MeNBF, in AN 131 136 134 0.84
GDC KOH + ZnCl, Et;MeNBF, 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, IL (EtMeImBE,) 134 136 141 4.21
GDC CO, 12h IL (EtMeImBF,) 125 N/A 144 1.68
GDC CO, 8h IL (EtMeImBF,) 117 N/A 114 4.21

Cy-specific capacitance is calculated from CV curves within the cell potential range from 0 to 3.0 V using

the integrated charge ¢ obtained according to Eq. 7 and at a v of 1 mV s~

L, Ccc average-specific capaci-

tance is calculated from CC curves within the cell potential range from 1.5 to 3.0 V, according to Eq. 8;
C,-specific series capacitance is calculated from electrochemical impedance data at cell potential AE =

30V, 1,

char

characteristic time constant is calculated from C” vs. log (f) maximum frequency values (C" is

imaginary part of complex capacitance) [8, 61]
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is no visible iR-drop region, explained by the low series
resistance of materials and the resistance of the electrolyte
layer engaged into the porous electrode matrix. At higher
discharge current densities (j>5 A g™!), the CC plots are
non-linear (not shown for shortness). Thus, for correct
quantitative analysis, these data have been integrated and
the integral capacitance values have been obtained accord-
ing to the Eq. (8)
AE,
_JAE,
~ d(AE)

idr
/ @®)

where j is the current density, df is the change in time and
AE is the cell potential. Capacitance values are collected in
Table 3.

The energetic efficiency (E=E,,/E;,) values have been
calculated from integrated energy density values, where E

out
is the energy delivered during the discharging and E,, is the
energy accumulated during the charging step [8, 9].

Very high energy efficiency values (higher than 95%)
have been established within moderate cell potential region
(from 3.0 to 1.5 V). At higher cell charging rates, the energy
efficiency starts to decrease. Data in Fig. 5c show that very
high discharge/charge current densities can be applied for
EDLC:s, if the electrodes have a substantial amount of mes-
oporosity, indicating that high power density devices can be
completed. EDLC material lacking mesopores (GDC, GDC
KOH +ZnCl,) exhibit much lower energy efficiency values
(<90%), especially higher charging/discharging rates.

Up to 20% longer charging/discharging current pulses
have to be applied for ionic liquid-based EDLCs to have
high energy efficiency (93%) values during EDLC charg-
ing/discharging. It is mainly caused by the lower electrical
conductivity (i.e. lower mass-transfer rate) as well as higher
viscosity of EtMeImBF, ionic liquid in micro—mesoporous
electrode matrix. Therefore, less viscous room temperature
ionic liquids should be used for the preparation of EDLCs
with higher energy efficiency.

3.6 Impedance data

Nyquist plots, i.e. impedance imaginary part —Z" versus real
part Z' dependences analysis, presented in Fig. 6a—d show
that the shape of Nyquist and Bode plots measured for GDC,
chemically activated GDC, WSDC ZnCl, and PDC powders-
based two-electrode cells depends noticeably on the carbon
powder characteristics. For 1 M Et;MeNBF, solution in
acetonitrile, Nyquist plots have been measured within the
range of ac frequency from 1 mHz to 300 kHz and at fixed
cell potentials from 0 to 3.2 V for different materials. At
fixed AE=2.7 V, the shape of Nyquist plots is very variable
within the high and medium (so-called micro-mesopore) ac
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Fig.6 Impedance complex plane (Nyquist) plots dependencies for the
EDLC:s based on the different carbon material (noted in the figure) in
Et;MeNBF, in AN (a) and EtMeImBF, ionic liquid (b), phase angle

frequency region. Thus, the high-frequency series resistance
very noticeably depends on the macro/mesoporous structure
of the powders used for preparation of the electrodes. Within
medium frequency region, there is a nearly linear region in
Nyquist plots, with slope value bit lower than —45° [60, 61].
This region is called the porous (micro—-mesoporous) area
and is characteristic of finite-length mass-transfer processes
in mesopores. At very low ac frequencies, the finite-length
adsorption effects prevail [8, 30, 31, 42, 60, 61].

It should be noted that the shape of the —Z", Z' plots are
similar for all the CO,-activated carbons, showing no sig-
nificant influence of the activation duration on the Nyquist
plots within ideal polarizability region. This result is in an
agreement with the gas adsorption, XRD as well as Raman
data, where no influence of CO, treatment duration on the
pore size distribution and crystallographic structure has
been found (Figs. 1, S2 and 3). The gas-phase N, adsorp-
tion, SEM-EDX, HR-TEM (SAED, EELS) and XPS (not
discussed for shortness) data for chemically activated GDC
confirm that the difference in chemical surface composition
for H,-treated materials is negligible. For chemically acti-
vated GDC and WSDC ZnCl, and PDC ZnCl,, very com-
plicated Nyquist plots have been measured if AE>3.2 V.

versus ac frequency plots dependencies for the EDLCs based on the
different carbon material (noted in the figure) in Et;MeNBF, in AN
(¢) and EtMeImBF, ionic liquid (d)

EIS data shown in Fig. 6a and b were fitted with the
same equivalent circuit (EC) (shown in the graph) to com-
pare different materials in detail. Prior to fitting, Kram-
ers—Kronig analysis was carried out on EIS data to deter-
mine the suitable error-free frequency range. The best fit
was obtained with a circuit model that consisted of eight
elements in total [61]. In the EC, L is taking into account
the high-frequency wire inductance, R is regarded as
a total high-frequency series resistance, C is a “true”
interfacial capacitance (without adsorption effects) and
C,4s 1s adsorption capacitance (Fig. 6a, b) corresponding
to the slow adsorption processes in parallel with adsorp-
tion resistance, R 4, (Fig. 6a, b). The generalized finite
Warburg element with a transmission boundary con-
dition Zgpy = Rpctnh[(jTw)*V]/(jTw)*Y describes the
mass-transport processes in EDLC. The constant phase
element (CPE) in EDLC is used to describe the dissipa-
tive capacitance at the rough solid-liquid interfaces [62].
Resistance, Ry, what is in parallel with CPE, describes the
high-frequency behaviour. All EDLCs except GDC CO,
8 h IL fitting resulted in conclusive data which are shown
in Table 4 with corresponding fitting errors. From Fig. 6a,
b and Table 4, it can be seen that EC is more accurate for
AN-based electrolyte EDLC than for IL-based electrolyte
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Table 4 Fitting results

Carbon material and electrolyte R /Q cm? CuFem™?  C,/Fem™? R,/ cm? Zore RIQ em?  Zgpe Ts
GDC CO, 12h AN 1.181+0.048 263+23 0.3743+0.0015 0.0704+0.0031  0.88+0.35 163.7+0.20
WSDC ZnCl, AN 1.39+0.13 217+20 0.3902+0.0018 0.111+0.074 0.49+0.25 165+0.03
PDC ZnCl, AN 35+19 219+51 0.2762+0.0016  0.05706+0.0097  1.12+0.37 165+0.07
GDC ZnCl, AN 1.72+0.25 331+25 0.4667 +0.0030 0.1746 +0.0078 91+34 196 +25
GDC KOH AN 1.29+0.10 19.19+£0.92  0.4836+0.0024 0.3810+0.0088  0.43+0.20 164.9+£0.004
GDC KOH +ZnCl, AN 12+N/A 11.6+£0.7 0.285+0.004 0.488 +0.012 237+16 196.7+6.5
GDC AN 5.6+12 53+21 0.0600+0.0062 0.49+0.13 5440+540 485+20
GDC CO, 12hIL 0.878 +0.045 273+19 0.435+0.025 0.0762 +0.0026 92+33 339+43
WSDC ZnCl, IL 14.07+0.94 103+10 0.4869 +0.0045 0.289+0.015 0.46+£0.21 165.6+0.023

In the EC, L is high-frequency wire inductance, C, is “true” interfacial capacitance (without adsorption effects), C,4, is adsorption capacitance

and R,
parallel resistance, which describes the high-frequency behaviour

EDLC. Our fitting results revealed that the C,, values are
more than three orders greater than C,; values. This means
that the C(f— 0) is mainly caused by the slow adsorption
steps of electrolytic ions onto/into the porous electrode
surface. It also seems that R, values are grater for mate-

rial with lower mesoporosity due to having less developed
mass-transport network.
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Fig. 7 Specific series capacitance versus ac frequency dependencies
for the EDLCs based on the different carbon material (noted in the
figure) in Et;MeNBF, in AN (a) and EtMeImBF, ionic liquid (b),
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C,/C,

is adsorption resistance. The Zgpy generalized finite Warburg element where R is diffusion resistance and 7T is time constant. R, is the

For more correct analysis, the series capacitance C ver-
sus log(f) and parallel capacitance C, versus log(f) plots
have been calculated at fixed cell potentials and are given in
Fig. 7a—d. For many two-electrode systems, long linear pla-
teaus have been observed. At f=1 mHz, C,/C; versus log(f)
plots overlap, indicating that the limiting ideal capacitance
values (free from faradic contribution) have been established.

EtMelmBF, AE=27V
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1000
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series capacitance/parallel capacitance versus ac frequency depend-
encies for the EDLCs based on the different carbon material in
Et;MeNBF, in AN (c¢) and EtMeImBF, ionic liquid (d)
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Calculated C,, (as well as C;) values show a bit higher capaci-
tance values compared to those obtained by CC and CV
methods but are showing the same increasing dependency
from non-activated GDC to KOH-activated GDC. High C;
and C,, values at low f'and high electrode potentials for GDC
CO, 12h(C,=143Fg™'; C,=144F g™') and WSDC ZnCl,
IL (C,=141Fg™; C,=139F g~ 1) have been calculated for
Et;MeNBF, electrolyte. For 1 M Et;MeNBF, solution in AN,
approximately 10-15% smaller capacitance values have been
calculated.

It should be noted that the characteristic relaxation fre-
quency values f,,. (frequency value, where the imaginary
part of the capacitance is highest), depend heavily on the
carbon material under study (Fig. 8a, b; Table 3). Very short
Topar Values [z, = (2nf.;...) '] have been calculated for GDC
CO, 12 h (74,,,=0.42 5) and WSDC ZnCl, (7, =0.52 s).
Only somewhat longer 7, values have been calculated for
GDC KOH +ZnCl, (1.06 s) and GDC ZnCl, (0.84 s) in AN-
based electrolytes.

The very wider region of ideal polarizability has been
achieved for EtMeImBF,-based EDLC devices. Noticeable
deviations from the linear shape (> 0.98 slope) started only
at AE>3.2'V, (Fig. S3) where faradic reactions started.
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Fig.8 Imaginary part of capacitance versus ac frequency plots for the
EDLCs based on the different carbon materials (noted in the figure)
in Et;MeNBF, in AN (a) and EtMeImBF, ionic liquid (b), logarith-
mical negative values of imaginary part of impedance versus loga-

Data in Fig. 9a show that 7, increases with the specific
surface area as well as with the total (and micropore) vol-
ume, calculated using gas adsorption data. Thus, 7, can
be correlated with the value of accumulated charge density,
(calculated by integration of CV curves), adsorbed dur-
ing the charging/discharging process. Therefore, to a first
approximation, 7, is determined by the mass-transfer rate
of ions in the porous electrode structure. Within the ideal
polarizability region, 7, is not characteristic of the adsorp-
tion step (rate) limited processes.

For micro-mesoporous PDC ZnCl, with moderate spe-
cific surface area and pore volume value, very short 7.
values (0.33 s) have been established, even somewhat shorter
than that for GDC CO, 12 h (0.42 s). It is interesting that
Tenar 15 Practically independent of chemical activation condi-
tions of materials applied for GDC KOH or GDC ZnCl, and
GDC CO, 12-h materials. For GDC KOH or GDC ZnCl,
and WSDC ZnCl, there is a very strong influence of activa-
tion conditions on the 7, values, explained that for WSDC
ZnCl, and GDC KOH or GDC ZnCl,, the ratio of micropo-
res/smaller micropores (W< 1.0 nm) increases noticeably
with activation (in an agreement with data in Fig. 3). As
a whole, the materials with the highest C, values do not
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rithmical ac frequency plots for the EDLCs based on the different
carbon materials (noted in the figure) in Et;MeNBF, in AN (c) and
EtMeImBF, ionic liquid (d)

@ Springer



28 Journal of Applied Electrochemistry (2020) 50:15-32
6 100
a GDC CO, 12h b
¢ GDC KOH
5T 4 GDC KOH+ZnCl, o 1] N
4 PDC ZnCl, o —e- GDC CO, 12h AN -
4+ e GDC znCl, 0 GDCKOH AN TN o
° o WSDC znCl, t@ GDC KOH+ZnCl, AN rb(b% TS N
= * GDC = ~4+ PDCAN \ 4
5 3f s 10 ® \d
5 -8~ GDC znCl, AN A
k = o )
w -0~ WSDC ZnCl, AN > ‘\:\
2+ —*- GDC AN
—& GDC CO, 12h IL )
A ~0— WSDC ZnCl, IL "bQD §>\
1 A o \
<» -8~ GDCCO,8hIL >
IN
0 * 1 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 0.01 0.1 1 10 100
Sorro76nm / M? g™ P /KW kg1
4wt C 140 L d
° QO
3 P 120 |
-7 °
30 | e o0
. 100
- . . = GDC CO, 8h
25r s GDC CO, 12h S
< . IN 2 80F IN
Z 20 7 & GDC KOH w A GDC CO, 12h
% , 4 GDC KOH+ZnCl, S o GDC KOH
Wist J A PDC ZnCl, I 4 GDC KOH+ZnCl,
/ e GDC znCl, 40 A PDC znCl,
, L
oo o WSDC znCl, e GDC ZnCl,
5| )/ * GPC 20k x o WSDC ZnCl,
Sy - - Fit * GDC
/
L 1 L L L L 0 1 1 1 1 L 1 1

400 600 800 1000 1200

2 1
SpFr.0.76nm / MG

Fig.9 Characteristic time constant (Table 3) versus specific sur-
face area plot calculated for materials with pores widths larger than
0.76 nm, which was calculated by fitting 2D-NLDFT-HS model to
the N, adsorption data and subtracting pores smaller than 0.76 nm
(a); specific energy versus specific power plots for the EDLCs based
on the different carbon material (b) with 1 M Et;MeNBF, in AN and

have the shortest charging/discharging times, because there
is no larger micropores/mesopores in needful quantities for
quick mass-transfer of ions in porous structured the very
energy-dense carbon materials EDLC. Based on the analy-
sis conducted, the 7, values characterize the mass-transfer
processes (rate) in mesopores/larger micropores and only at
very low ac frequencies, the finite-length adsorption pro-
cesses control the EDLC behaviour (Fig. 7).

The logl —Z"l versus log(f) dependences have been con-
structed (absolute values of slopes are given in Fig. 8c, d),
and there are very long linear areas with slope values more
negative than —0.98 were established at low ac frequency
region. Nearly ideal capacitive behaviour (slope=—1.0
is the characteristic of the ideally polarizable electrode)
has been observed up to 2.7 V cell potentials [8, 61]. At
higher cell potentials, somewhat less negative slope values
for logl —Z" versus log(f) have been obtained indicating
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EtMeImBF, ionic liquid electrolytes (noted in figure), specific power
and specific energy values were obtained from constant power dis-
charge tests within the cell potential range from 3.0 to 1.5 V; energy
density discharging time of 36 s (E3) versus Sperg76nm PlOtS (€);
integrated capacitance (Table 3) versus specific surface area (from
pores with widths larger than 0.76 nm) plot (d)

the increasing rate of faradic processes at AE>3.2 V. The
shape of logl—Z"| versus log(f) plots depends noticeably on
the electrolyte used and for EtMelmBF, less negative slope
values (—0.96) at f=1 mHz have been calculated indicating
that very weak deviation from the adsorption step limited
mechanism towards mixed kinetics (adsorption and mass-
transfer limited steps) is possible.

3.7 Ragone plots

Ragone plots for EDLC have been measured using the con-
stant power discharge method. Data in Fig. 9b show that the
highest energy densities (at fixed power densities) have been
measured for WSDC ZnCl, in EtMeImBF,, having high-
est C values (Sggy at high mesopore/micropore). Only very
slightly lower energy densities have been measured for GDC
CO, 12 h, WSDC ZnCl, and GDC KOH or GDC ZnCl,.
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For mainly microporous GDC CO, 8 h or GDC, lower
energy densities have been measured. It is very well vis-
ible that in the high power density region, the GDC CO,
12 h, GDC KOH or GDC ZnCl, surpasses the WSDC ZnCl,
carbon-based ionic liquid cell energy and power densities.

Thus, for high power density, EDLC materials with an
optimal ratio of micropores and mesopores in the carbon
powder are necessary. Therefore, hierarchically
micro—mesoporous systems should be used, where quick
mass-transfer is possible in the porous electrode matrix.
There is no big difference in energy densities for 1 M
Et;MeNBF, in AN, and EtMeImBF,-based EDLCs at longer
discharge times (lower P <10 kW kg~!). At shorter dis-
charge times (P> 10 kW kg™!), noticeably lower power den-
sities have been measured for EtMeImBF,-based EDLC
explained by higher mass-transfer resistance values for vis-
cous EtMeImBF,. Energy densities at a discharging time of
36 s (E;4) versus the available specific surface area,
SDBFT.0.76nm> fOT the systems investigated are presented in
Fig. 9c. The available surface area was calculated by sub-
tracting the specific surface area from pores smaller than
0.76 nm from the Sppr value calculated by fitting the N,
adsorption isotherm with the 2D-NLDFT-HS model using
SAIEUS software [8, 66, 79]. The lower accessible pore size
of 0.76 nm has been based on the modelled ion sizes of the
(C,H5);CH;N" and BF,~ ions [80] and on the analysis of
surface characteristics influence on the energy storage capa-
bility of multiple systems conducted in Ref. [8]. Discharging
time of 36 s corresponds to nearly maximal reachable energy
density, visible from Ragone plots (Fig. 9b), except in the
case of GDC KOH + ZnCl,-based and EtMeImBF,-based
EDLC. The dependence of the E;¢ values on the Sper g 76nm
is asymptotical, i.e. with the increase of available specific
surface area the E;¢ scales up towards a limiting value. This
dependence has been fitted with a Box-Lucas type equation:
Ey = a(l - e(-b*Smmm)) (Fig. 9c, dashed line). The fit

results are a=37.2+3.4Wh kg_l, which characterizes the
maximal achievable E;¢ with increased Sper g 76nm. and
b=0.00258 +0.00064 g m™>.

The integral capacitance values established from CV
data by calculating the total discharged charge according to
Eq. (7), Ccy, which was measured from cell potential 0 V
up to 3.0 V at v=1 mV s~! versus the accessible specific
surface area, Sppr o 76nm» are presented in Fig. 9d. Overall
the dependence of Ccy on the Sper g 76nm 18 similar to the
dependence of the E;¢ on the Sper g 76nm» With the excep-
tion of GDC KOH + ZnCl,-based EDLC. The large dif-
ference in the values of E;4 and Cey for GDC KOH and
GDC ZnCl,-based EDLCs is caused by the limited available
energy density achievable from constant power discharge
performed at 36 s, Es¢. This effect is also visible from the
Ragone plots (Fig. 9b), where the total energy density of

GDC increases remarkably, from 9.6 W h kg~! at 33 s to
12.5 W h kg~! at 250 s, with longer discharging times at
lower power densities. This is caused by the mostly ultrami-
cro-porous structure of GDC KOH +ZnCl, (Fig. 3c), which
limits the diffusion, i.e. mass-transfer rate of ions in this
EDLC.

4 Conclusions

Activated carbon materials were synthesized from an organic
carbon-containing material. The aqueous solutions of
D-glucose and granulated white sugar were hydrothermally
carbonized. The resulting materials and Estonian highly
decomposed peat were thereafter activated with KOH, CO,
or ZnCl, (in various mass ratios or time) to enhance the
micro- and mesoporosity.

Based on the XRD and Raman spectroscopy data, the
synthesized carbon materials are mainly amorphous. N,
sorption measurements results show that the activated
carbon materials are mainly microporous. However, KOH
and ZnCl, activation steps yield carbons that contain
also reasonable amount of smaller mesopores, where the
Brunauer—Emmett—Teller (BET)-specific surface area were
up to Sgpr=2150 m? g~!, micropore pore volume values up
to V_...=1.01 cm® g~! and total pore volume values up to

micro
Vi =1.05cm? g7,

The electrochemical characteristics of the EDLCs con-
sisting of the differently activated carbon materials-based
electrodes in 1 M triethylmethylammonium tetrafluor-
oborate (Et;MeNBF,) solution in acetonitrile (AN) and in
1-ethyl-3-methylimidazolium tetrafluoroborate ionic lig-
uid (EtMeImBF,) were tested applying the electrochemi-
cal impedance spectroscopy, cyclic voltammetry, constant
current charge/discharge and the constant power discharge
methods.

The electrochemical measurement results show that
the values of specific capacitance are significantly differ-
ent for the best cells with high capacitance for EtMeImBF,
(144 F g7 electrolyte compared to the 1 M Et;MeNBF, in
AN (134 F g71). Very low capacitance values (20 F g~!) have
been measured for non-activated GDC and PDC.

The specific energy versus specific power dependence
data strongly depend on the carbon materials used. At low
constant power value (10 W h kg™, the stored energy
is higher for EDLC based on EtMeImBF, ionic liquid
(48 W h kg™") compared with EDLC based on Et;MeNBF,
solution in AN (39 W h kg_l). However, the best capaci-
tance retention and shortest relaxation time constants
Tepar~ 0.42 s and 0.53 s were established for EDLCs with
1 M Et;MeNBF, solution in AN due to the lower viscos-
ity and higher electrical conductivity compared to the ionic
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liquid-based electrolytes. Thus, the EDLC based on 1 M
Et;MeNBF, solution in AN electrolyte and using for com-
pleting the EDLC deliver substantially higher energy at
higher constant power values (P> 10 kW kg™!).

The carbon materials synthesized using cheap and abun-
dant granulated white sugar and Estonian highly decom-
posed peat show good electrochemical performance in 1 M
Et;MeNBF, in AN, as well as in EtMeImBF, ionic liquid
and are promising carbon materials for completing the high
energy and power density supercapacitors. It is important
to mention that the synthesis of carbon nanospheres is sim-
pler and environmentally friendlier than the preparation of
molybdenum carbide or titanium carbide-derived carbon
powders. However, the optimization of peat- and white
sugar-derived carbon materials needs future detailed com-
plex studies.
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