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Carbon for Energy Storage Derived from Granulated White Sugar
by Hydrothermal Carbonization and Subsequent Zinc Chloride
Activation

M. Hiarmas, T. Thomberg, T. Romann, A. Jines,*” and E. Lust*

Institute of Chemistry, University of Tartu, 50411 Tartu, Estonia

Various electrochemical methods have been applied to establish the electrochemical characteristics of the electrical double layer
capacitor consisting of the activated carbon material based electrodes and 1 M triethylmethylammonium tetrafluoroborate solution
in acetonitrile and 1-ethyl-3-methylimidazolium tetrafluoroborate ionic liquid as the electrolytes. Activated carbon material used for
the preparation of electrodes has been synthesized from hydrochar prepared via hydrothermal carbonization process of granulated
white sugar solution in H>O, followed by activation with ZnCl, with a mass ratio of 1:4 at the temperature 700°C. High porosity
and Brunauer-Emmett-Teller specific surface area (Spgr = 2100 m? g’l), micropore surface area (Smicro = 2080 m?2 g’l) and total
pore volume (Vioy = 1.05 cm’ g 1) have been achieved for the granulated white sugar derived carbon (GWS carbon) material. Wide
region of ideal polarizability (AE < 3.0 V), short characteristic relaxation time (0.5 s and 4.0 s), high specific series capacitance (125
Fg~! and 140 F g~!) and high energy density (39 W h kg~! and 48 W h kg™!) have been calculated for the GWS carbon material
in 1 M triethylmethylammonium tetrafluoroborate solution in acetonitrile and 1-ethyl-3-methylimidazolium tetrafluoroborate ionic
liquid, respectively, demonstrating that these systems are very promising for energy storage devices.
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In recent years, environmentally friendly energy storage devices
have gained increasing attention due to the growing requirement of
energy storage for sustainable energy applications. Among the vari-
ous existing energy storage devices, supercapacitors (electrical dou-
ble layer capacitors (EDLC) and hybrid capacitors (HC)) are con-
sidered as the most promising short-term energy storage devices due
to their high power density, short characteristic time constant, excel-
lent coulombic reversibility (98% or higher), high energetic efficiency
(92-94%), long cycle life (over 10° cycles) and wide operation tem-
perature range' filling the gap between dielectric capacitors and
traditional batteries.*” EDLCs store energy in the electrical double
layer, where the adsorption of ions is based mainly on the electrostatic
interactions. The unique characteristics of EDLCs allow them to re-
place or combine with batteries and fuel cells in applications where
the high power pulses are important, such as the different energy
recuperation systems and peak power sources, hybrid electric vehi-
cles, wind turbines, digital communication devices, cameras, mobile
phones, laptops, etc.®!

Porous carbon materials are considered to be the most promising
electrode materials for portable supercapacitors due to the high surface
area, good electrical conductivity, good chemical stability, low gravi-
metric density and low cost.!® The electrical charge accumulated in
EDLC depends on the electrochemically active surface area and, thus,
on the porosity and hierarchical porous structure of a carbon material.
In addition, the presence of mesopores in porous carbon materials
determines the power density of EDLC due to a strong effect on the
rate of mass transfer (diffusion and migration) and adsorption rate of
charge carriers inside the hierarchical porous matrix. Therefore, the
characteristics of micro- and mesoporous carbon materials (especially
the ratio of micropore and mesopore surface areas and pore volumes)
have to be optimized to improve further the specific energy and power
density of EDLCs."!!-14

The classical porous carbon synthesis route uses pyrolysis of or-
ganic compounds followed by activation. However, control over pore
size distribution by this route is poor. Thus, development of novel
methods for the synthesis of porous carbons with controlled pore
size distribution is important for further development of supercapac-
itors technology. Hydrothermal carbonization (HTC) is an attractive
process to prepare spherical carbon materials from natural precur-
sors being cheap and “green” since it does not use expensive organic
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solvents or catalysts and requires only application of the low process-
ing temperature (normally not higher than 300°C).">"2 The process
consists of the heat-treatment of an aqueous solution of organic ma-
terials at desired autogenous pressure and temperature. The resulting
solid carbon product (termed hydrochar) generally possesses very
low porosity and additional pyrolysis leads to the moderate increase
in porosity of porous carbon materials. Therefore, the carbon material
porosity (the pore size distribution, the average pore width and the
specific surface area) must be increased by using additional activation
methods based on the application of air, carbon dioxide, steam as well
as KOH, NaOH, H;PO,, etc. as an activation agents.?!">?

The objective of this study was to investigate the applicability
limits of carbon material derived from granulated white sugar (GWS
carbon) by HTC method combined with subsequent zinc chloride ac-
tivation step of hydrochar, for supercapacitor electrodes. Synthesized
GWS carbon material was used as an electrode material in the two-
electrode single cells of EDLC filled with 1 M triethylmethylammo-
nium tetrafluoroborate (TEMABF,) solution in acetonitrile (AN) or 1-
ethyl-3-methylimidazolium tetrafluoroborate ionic liquid (EMImBE,)
as the electrolytes. The mixture of TEMABF, and AN was selected
due to the low viscosity (0.41 mPa s), high electrical conductivity (k
= 50.2 mS cm™') and good electrochemical stability within a very
wide region of cell potentials.?***-2" EMImBF, was chosen due to
high bulk conductivity (k = 13.6 mS cm™") and wide potential region
of electrochemical stability.®3! However, compared to TEMABF,
solution in AN, EMImBF, has almost two order of magnitude higher
viscosity (38.2 mPa s).3> Cyclic voltammetry (CV), constant cur-
rent charge/discharge (CC), electrochemical impedance spectroscopy
(EIS) and constant power discharge (CP) methods were used to study
the electrochemical performance of EDLCs.

Experimental

Chemicals and reagents used.—1-ethyl-3-methylimidazolium
tetrafluoroborate (Sigma-Aldrich, for electrochemistry, > 99.0%, H,O
< 200 ppm), zinc chloride (> 97% purity, anhydrous, Sigma-Aldrich)
and hydrochloric acid (50% v/v aqueous solution, Alfa Aesar) were
used as received. Granulated white sugar (GWS, 17000 kJ/kg, price
~0.45 €/kg) was used for the preparation of sugar solution. 1 M tri-
ethylmethylammonium tetrafluoroborate solution in acetonitrile was
prepared from pure acetonitrile (H,O < 0.003%, Riedel-de Haén,
stored over molecular sieves before use) and dry triethylmethylammo-
nium tetrafluoroborate (Stella Chemifa Corporation). Ultrapure water
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(Milli-Q*, 18.2 M2 cm, Millipore) was used for the preparation of the
sugar solution, for cleaning the resulting solid product formed during
HTC process, and for cleaning the GWS carbon from activating agent
and by-products.

Synthesis and physical characterization of GWS carbon
material—The HTC of sugar aqueous solution (17 g of GWS was
dissolved in water to prepare 100 ml of solution) was carried out in a
high-pressure reactor (Blichi limbo, vessel volume 285 ml) at 200°C
for 24 hours. After HTC step, the hydrochar 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. The yield of
HTC process was 38%.

GWS carbon material was synthesized by activation of the hy-
drochar with ZnCl, with mass ratio 1:4 at 700°C using heating up
rate of 5°C min~'. Activation procedure has been carried out accord-
ing to the method described in Ref. ** and the yield of this process
was 36%. Additional treatment of GWS carbon material with H, (pu-
rity 99.9999%) at 800°C for 2 hours was performed to reduce the
surface functional groups because the H, reduced carbon materials
demonstrate wider potential region of ideal polarizability.?”3>33

X-ray diffraction (XRD) patterns were collected by a Bruker D8
diffractometer (Bruker Corporation) with position sensitive LynxEye
detector using CuKa radiation with an angular step 0.01° and counting
time 2 s for each angle measured. Diffraction spectra were recorded
at 25°C £ 1°C temperature. Raman spectra were recorded using a
Renishaw inVia micro-Raman spectrometer with Ar laser excitation
beam (A = 514 nm). Obtained spectra were fitted with the combination
of two Lorentzian and two Gaussian functions to model the D- and
G-bands observed.**

The porous structure of the synthesized GWS carbon material was
characterized by the nitrogen sorption method.*>*7 N, sorption ex-
periment was performed at the boiling temperature of liquid nitrogen
(—195.8°C) using an ASAP 2020 system (Micromeritics, USA). The
specific surface area (Sggr) was obtained applying Brunauer-Emmett-
Teller (BET)?* theory to multiple points in the pressure range from
0.05 to 0.1. The total pore volume (V,y) was calculated from the
amount of adsorbed nitrogen at relative pressure p/py = 0.995. The
t-plot method was used to obtain the surface area (Spicro) and volume
(Vinicro) of micropores in carbon material studied. The pore size distri-
bution was calculated using a fitting of N, isotherm by non-local den-
sity functional theory (NLDFT) model “Carbon-N2-77, 2D-NLDFT
Heterogeneous Surface” (SAIEUS v2.02, Micromeritics).

The surface structure and morphology of the synthesized hy-
drochar and carbon material was examined by scanning electron mi-
croscopy (SEM), using the ZEISS EVO MA15 SEM system. The
surfaces of the samples were sputter-coated with gold before SEM
measurements.

Electrode preparation, cell assembly and electrochemical char-
acterization of material—Carbon electrodes were prepared from syn-
thesized GWS carbon material (94 wt%) adding a 6 wt% suspension of
binder (prepared from polytetrafluoroethylene, PTFE, 60% dispersion
in H,O, Sigma-Aldrich). The mixture of synthesized carbon material
and binder was laminated and roll-pressed (HS-160N, Hohsen Corpo-
ration, Japan) to form a flexible layer of the carbon electrode material
with a thickness of 105 £ 5 pm. After drying under vacuum, for
better electrochemical (homogeneous) polarization of carbon layers,
the pure Al layer (3 wm) was deposited onto one side of the carbon
electrode using the plasma activated physical deposition method. The
electrode material loading into one electrode was about 7 mg cm™>
(mass of binder and current collector are included what were about
10% of the total mass). A standard two—electrode test cell (aluminum,
HS Test Cell, Hohsen Corporation) with two identical carbon elec-
trodes (geometric area of 2.0 cm?) and 1 M TEMABF, in AN or
EMImBF, was completed inside a glove box (Labmaster sp, MBraun,
0O, and H, O concentrations lower than 0.1 ppm). The vacuum dried 25
iwm thick TF4425 (Nippon Kodoshi) separator sheet was used to sep-

A1867

at
e /‘56
ALY A o

2% L
€ \
[
J. & ér "v’

Figure 1. SEM images for hydrochar (a) and GWS carbon material (b).

™

arate mechanically the two working electrodes. All electrochemical
experiments were carried out at temperature 20 + 1°C.

The electrochemical characteristics of EDLCs were established by
CV, CC, EIS and CP methods. Impedance spectra (over ac frequency
range from 1 mHz to 300 kHz with modulation 5 mV), CV and CC
curves were recorded using a frequency response analyzer 1252A and
potentiostat SI1287 (Solartron, UK). The CP tests were performed on
a BT2000 testing system (Arbin Instruments, USA).

Results and Discussion

Physical characterization of GWS carbon material.—The SEM
images of the hydrochar and the GWS carbon material are given in
Fig. 1. It can be seen that the hydrochar and GWS carbon material
exhibit interconnected spheres with various sizes in the range from 1
to 20 wm, which is characteristic of hydrochar and carbon materials
synthesized by HTC process. 32”33

The XRD patterns for synthesized carbon material, given in
Fig. 2 inset, show very weak reflections corresponding to the graphite
(hexagonal symmetry, space group P6;/mmc) 002 peak at 26 ~ 26°
and 100/101 peak at 26 ~ 43°, characteristic for mainly amorphous
carbon materials.®3-11:16:33

The first-order Raman spectra, given in Fig. 2, show two character-
istic peaks for amorphous carbon materials: one peak at ~1338 cm™!
(D-peak) and second peak at ~1577 cm™! (G-peak).?27-28334447 For
hexagonal graphite, G-peak is assigned to E,, vibrational mode, which
is attributed to in-plane stretching motion of sp? carbon atom pairs.
D-peak originates due to the existence of disorder in a graphitic struc-
ture which is assigned to A, symmetry and this peak reflects the pres-
ence of amorphous areas in carbon particles. The ratio of intensities of
D-peak and G-peak (Ip/Ig) represent the degree of graphitization and
a lower value means the higher degree of graphitization.’*>*+7 Based
on D-peak and G-peak fitting results the relatively high value of Ip/lg
(about 1.31) was obtained demonstrating low graphitization degree of
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Figure 2. Raman spectra and characteristic XRD patterns (inset) for GWS
carbon material.

the GWS carbon, which is in agreement with the XRD results. Thus,
Raman spectroscopy and the XRD data reveal that the synthesized
carbon material is mainly amorphous.

The N, sorption isotherms for the porous GWS carbon material
(Fig. 3a) can be approximated to the isotherm of #ype I according to the
TUPAC classification,”* characteristic of microporous carbon mate-
rial with an average pore width less than 2 nm. According to the poros-
ity measurements results, given in Table I, activation of hydrochar by
ZnCl, produces carbon material with high Sger = 2100 m? g1, Smicro
=2080 m? g, Vinicro = 1.01 cm® g~! and Vo, = 1.05 cm® g~! values.
The pore size distribution plot demonstrated in the Fig. 3b shows that
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Figure 3. N, sorption isotherms (a) and differential pore size distribution
vs. pore width plots (b) obtained using NLDFT method in conjunction with
SAIEUS pore surface model for GWS carbon material.

Table 1. Results of sorption measurements of carbon materials.

Carbon SBET Smicro Vicro Viot
material (m2 g_l) (m2 g_') (cm3 g_l) (cm3 g_l)
GWS carbon 2100 2080 1.01 1.05
TiC-CDC-900!! 1544 1503 0.71 0.87
GDAC-12h?" 1236 1232 0.550 0.557

the GWS carbon material synthesized is highly microporous. How-
ever, this carbon material contains also reasonable amount of small
mesopores (2.0 nm < d < 3.2 nm). Compared with carbon dioxide
activated D-glucose derived carbon,”” ZnCl,, KOH or their mixture
activated carbon,® different carbide-derived carbons®?>2® and other
porous carbon materials,>!>!%1%20 the GWS carbon material demon-
strates high specific surface area and micropore surface area as well as
total pore volume values, being essential for energy storage materials.

Cyclic voltammetry and capacitance vs. cell potential data.—
The specific capacitance (Ccy), calculated from CV curves, vs. cell
potential (AE) curves for assembled EDLCs are presented in Fig.
4. The Ccy values of a test-cell were calculated from CV curves
according to Eq. 1 and Eq. 2:

C=jv, (1]
2C

Cm = > [2]
m

where j is the current density (per geometrical surface area of elec-
trode), v is the potential scan rate, C is the cell capacitance and m is
the weight of one carbon electrode.

Eq. 11is correct if the capacitance C does not depend on the potential
applied (C # fIAE)) and the series resistance of the system R, —
0, thus, the current response is essentially equal to that of a pure
capacitor.*>!1112:1620.33 Bq 2 can be implemented if the positively and
negatively charged electrodes have the same capacitance at the cell
potential applied.

The specific capacitance vs. cell potential curves for EDLC based
on the GWS carbon material in 1 M TEMABF, solution in AN and
EMImBFE;, ionic liquid have nearly symmetrical shape in respect to
the zero-current line at low potential scan rates (v < 50 mV s/,
not shown for clearness of figure) and cell potentials (AE < 3.0 V)
demonstrating nearly ideal capacitive behavior (Fig. 4). EDLC based
on 1 M TEMABFE, solution in AN demonstrate nearly ideal capacitive
behavior even at very high potential scan rates (v < 500 mV s~!).
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Figure 4. Cyclic voltammetry curves expressed as specific capacitance vs.
cell potential dependencies for the EDLCs based on the GWS carbon material
in 1 MTEMABF, in AN (dotted lines) and EMImBFE; ionic liquid (solid lines)
at cell potential scan rates v =5 mV s~! and v=200mV s~ (noted in figure)
within the cell potential range from 0 to 3.0 V.
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Table II. Electrochemical parameters for EDLCs based on
different carbon materials and electrolytes.

Ccyv  Ccc G
FghH Feg™hH FghH ©

GWS carbon in EMImBF4 134 136 144 4.0

GWS carbon in 1 M TEMABE; in AN 110 107 125 05
TiC-CDC-900 in 1 M TEMABF, in AN 136 N/A 135 05
GDAC-12h in 1 M TEMABE, in AN?’ 125 N/A 126 034

Carbon material and electrolyte

Ccy — specific capacitance calculated from CV curves within the cell
potential range from O to 3.0 V using the integrated charge ¢ obtained
according to Eq. 3, Ccc — average specific capacitance calculated from
CC curves within the cell potential range from 1.5 to 3.0 V, according to
Eq. 4, Cs — specific series capacitance calculated from electrochemical
impedance data at cell potential AE = 3.0 V and ac frequency f =
1 mHz, tr — characteristic time constant.

However, the highest specific capacitance value Ccy = 134 F g7! (at
AE <3.0Vand v=1mV s™!) has been calculated for EDLC based
on the ionic liquid electrolyte (Table II).

The capacitance values have been calculated over the cell potential
range AE from O to 3.0 V, using the integrated total charge ¢ values
obtained according to Eq. 3:

AE, AE
g = / i(AE)de/i(AE)@. 3]
AE, AE)

EDLC based on 1 M TEMABF; solution in AN demonstrate high
capacitance retention and maintain ~70% of the initial capacitance
at potential scan rate v = 1000 mV s~! showing specific integral
capacitance Ccy = 76 F g~ Tonic liquid based EDLC system shows
somewhat faster capacitance decrease due to the higher viscosity of
the ionic liquid. However, this system demonstrated high capacitance
retention up to potential scan rate v = 100 mV s~! showing specific
capacitance Coy = 94 F g=! (~70% of the initial capacitance). At
potential scan rate v = 1000 mV s~! the specific capacitance decreased
to Cey = 27 ngl.

Calculated values of capacitance for GWS carbon material derived
from granulated white sugar by HTC and subsequent zinc chloride ac-
tivation method in 1 M TEMABF, solution in AN and EMImBF, ionic
liquid are comparable with the specific capacitance values established
for carbon materials derived from D-glucose?”*** (i.e. from the more
expensive raw material ~40 €/kg). In comparison with binary and
ternary carbides (Mo, C, Ta,HfCs, WTiC,) derived carbons, the GWS
carbon offers much cheaper supercapacitor electrodes with compa-
rable or even higher capacitance. In addition, the high-temperature
chlorination (or HCI treatment) step can be avoided for the prepara-
tion of carbon powders.

Constant current charge/discharge data.—EDLCs were tested
at different fixed constant current (CC) regimes (from 0.1 to 5 A
g~!) applying charging/discharging steps within cell potential region
from 1.5 to 3.0 V. The discharge and charge capacitances have been
calculated from the data of the third charge/discharge cycle according
to Eq. 4:
Ak, Jdt
C=——r (4]
d(AE)
where j is the current density, dr is the change in time and AE is
the cell potential. The charge/discharge curves (Figs. 5a and 5b) are
nearly linear and symmetrical for EDLCs in 1 M TEMABE, solution
in AN and EMImBF, ionic liquid with carbon electrodes prepared
from GWS carbon material at different current densities, demonstrat-
ing very good electrochemical reversibility, thus coulombic and en-
ergy efficiency. The longest charge/discharge cycle has been observed
for EDLC in EMImBEF;, ionic liquid, corresponding to the highest
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Figure 5. Constant current charge/discharge cycles at current density j = 0.1
Ag ' (@andj=1A g (b) for the EDLCs based on the GWS carbon
material in | M TEMABF; in AN and EMImBF; ionic liquid.

specific capacitance calculated from charge/discharge curves Ccc =
136 F g1, being a high value for EDLC in EMImBF, ionic liquid
electrolyte?®3248-51 (Fig, 5a). EDLC based on 1 M TEMABF, solu-
tion in AN demonstrated somewhat lower specific capacitance Ccc
= 109 F g~!. The calculated Ccc values for EDLCs in both elec-
trolytes are in a good agreement with cyclic voltammetry (Table II)
and electrochemical impedance spectroscopy data (discussed later).
At higher current densities EDLC based on 1 M TEMABF, solution
in AN demonstrated high capacitance retention even at current density
j =15 A g7! with the specific capacitance of Ccc = 102 F g=!. The
ionic liquid based EDLC system shows a somewhat faster decrease of
capacitance (specific capacitance Ccc = 71 F g~! at current density j
=5 A g7!) with increased discharge current density.

The cycling efficiency, i.e. the coulombic efficiency (Q.fr) values
have been calculated as a ratio of integrated charges, measured during
discharging and charging steps of EDLCs.>> The Q. values are within
the range from 98 to 99%, indicating to a very good reversibility of
EDLCs. However, the energy efficiencies (Ee) for studied EDLCs
were slightly lower staying within the range from 92 to 97% for
TEMABF, solution in AN at charging current density range j = 0.1
Agltoj=5A g}, respectively. EMImBF, system demonstrated
similar (93 to 95%) E. values for charging current density range j =
0.1 Ag~'toj=1A g~'. However, higher current densities resulted
in significantly lower E.¢ values (77% atj =5 A g™').

Nyquist plots.—The shape of Nyquist plots (imaginary part Z(Im)
vs. real part Z(Re) of the electrochemical impedance) (Fig. 6a)'-3*
depends noticeably on the electrolyte conductivity and viscosity used,
but is nearly independent of AE applied, if AE < 3.0 V. This in-
dicates that there are no quick faradaic charge transfer processes at
GWS carbon |electrolyte interface. The Nyquist plot (Fig. 6a) con-
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Figure 6. Impedance complex plane plots (a), phase angle vs. ac frequency plots (b), specific series capacitance vs. ac frequency dependencies (c) and imaginary
part of capacitance vs ac frequency plots (d) for the EDLCs based on the GWS carbon material in 1 M TEMABF, in AN and EMImBF; ionic liquid (noted in

figure) at different cell potentials (noted in figure).

sists mainly of three parts: Refs. 11, 28, 33 (1) the characteristic very
small semicircle at ac frequencies higher than 300 Hz; (2) the very
well expressed so-called “porous” region with a slope of nearly —45°
within the ac frequency range from 0.1 to 300 Hz; and (3) the double
layer capacitance region with a slope of o < —85° at very low ac
frequency f < 0.1 Hz. The semicircle at high frequencies depends on
the adsorption kinetics of ions at the porous carbon electrode and on
the series resistance of a material as well as on the mass transfer resis-
tance of electrolyte inside of the porous carbon structure, both being
high for ionic liquid based systems. The nearly linear region at inter-
mediate frequencies characterizes the mass transfer limited processes
in the porous carbon electrode matrix. The nearly vertical region of
the Nyquist plots for the carbons with micro- and mesoporous struc-
ture is assigned to the finite length adsorption effects determined by
the microporosity of the carbon material under study. Data in Fig. 6a
inset show that high frequency series resistance R; is nearly 3 times
higher for EMImBE, based EDLC than for TEMABF, + AN based
EDLC. Therefore, the high-frequency semicircle is more pronounced
for EMImBF; ionic liquid electrolyte system due to the higher viscos-
ity and lower conductivity of ionic liquid which have a considerable
influence on the mass transfer resistance of the electrolyte ions and ad-
sorption capacitance values of porous carbon material.'?>?%3 Data in
Fig. 6a inset indicate that the so-called “porous” region with a slope
of nearly —45° is well expressed for EDLCs in EMImBF,, which
could be explained by the increased mass-transfer resistance of ions
in the porous carbon material for EMImBF, ionic liquid electrolyte
system.'!>>2832 This observation is in a good accordance with CV
and CC data.

The phase angle value for ionic liquid based system (Fig. 6b) ap-
proaches —87° and for acetonitrile based electrolyte —89° at low ac

frequencies which demonstrate a nearly ideal capacitive behavior of
these systems. The phase angle starts to increase at higher cell poten-
tials AE > 3.0 V (Fig. 6b) (|¢ | < 80° at 3.2 V), especially for ionic
liquid based system, due to the initiation of faradaic reactions occur-
ring at highly negatively and positively charged electrodes.!--1427:33
The values of specific series capacitance, Cs, (Fig. 6¢ and Table II),
overlapping with C, values at f < 0.1 Hz, and demonstrating long
plateaus, are in a good agreement with the values obtained from the
CV and CC data. Slightly higher specific capacitance value (140 F
¢! has been achieved for ionic liquid based EDLC system because
in CV measurement conditions adsorption equilibrium has not estab-
lished jet. Only for EMImBF, based EDLC noticeable increase of Cj
at AE > 3.2 V has been observed explained by the very slow faradaic
processes.

For further characterization of EDLCs, the values of the imaginary
part C” (w) of capacitance have been calculated according to the
Eq. 5:

" Z' ()
Clw=—— (5]
o|Z(w)|
where |Z(w)| is the impedance modulus.>** C”(w) corresponds to en-
ergy dissipation of the capacitor by an irreversible faradaic charge
transfer process, which can lead to the hysteresis of the electro-
chemical processes. According to the results in Fig. 6d, the C” vs.
f dependencies have a well-expressed maximum at the so-called re-
laxation frequency fr, determining the characteristic time constant tg
= (2mfx)~! values. Comparison of the data for the EDLC systems
completed with different electrolytes indicates a very strong influence
of electrolyte properties on tg values (Table II). The value of 1t in-
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Figure 7. Specific energy vs. specific power plots for the EDLCs based on
different carbon materials in | M TEMABF,4 in AN and EMImBF; ionic liquid
(noted in figure), obtained from constant power tests within the cell potential
range from 3.0 Vto 1.5 V.

creases with the decrease of electrolyte conductivity and increase of
electrolyte viscosity, but the value of 1y is only slightly dependent of
AE applied, at AE < 3.0 V. The characteristic time constant values
for EDLCs in 1 M TEMABF, solution in AN and EMImBF, ionic
liquid are tg ~ 0.5 s and tr ~ 4.0 s, respectively.

The tr value established for EDLCs in 1 M TEMABF, solution
in AN (tg ~ 0.5 s) is substantially shorter than that of the carbon
material synthesized from natural organic precursor (cellulose, potato
starch, eucalyptus wood sawdust) using HTC process followed by the
subsequent KOH activation (1 ~ 10s).%° The calculated tx values are
comparable with tgr for EDLCs based on D-glucose derived carbon
electrodes (carbon material activated for 12 h with carbon dioxide
(tr = 0.34 s)),% for activated sucrose-derived carbon electrodes (tg
~ 0.5 s)® and for KOH and ZnCl, activated carbon electrodes (tg
~0.8 5)** based EDLCs.

The tr value obtained for EDLC based on the GWS carbon mate-
rial in EMImBF, ionic liquid (tr = 4.2 s) is substantially shorter than
1 obtained for sucrose derived carbon (tg = 20s),% coconut shell ac-
tivated carbon (tg ~ 10 s)*! and for carbon cloth (tg = 8 s)*° and only
slightly longer compared with characteristic time constant obtained
for carbon nanosheets (tg ~ 2.5 s)*’ and titanium carbide-derived
carbon based EDLC (tg = 1.76 5).%%

Ragone plots.—The Ragone plots, i.e. the energy vs. power
relationships! 227325 for the EDLCs in 1 M TEMABF, solution in
AN and EMImBF; ionic liquid have been calculated from the constant
power discharge tests within the cell potential range from 3.0 V to
1.5 V (Fig. 7) (taking into account the total weight of electrodes, i.e.
mass of carbon material, binder and current collectors). The specific
energy vs. specific power plots for the EDLCs based on GWS carbon
material and 1 M TEMABFE; solution in AN or EMImBF, ionic liquid
show a noticeable influence of the electrolyte properties, i.e. viscosity
and electrical conductivity on the stored specific energy and delivered
specific power values. At low constant power values, the stored energy
is somewhat higher for EDLC based EMImBF, ionic liquid (48 W h
kg~!) in a good agreement with the specific capacitance values ob-
tained from the CV, CC and EIS data. At higher constant power values
the EDLC based on 1 M TEMABF, solution in AN electrolyte de-
liver substantially higher energy due to the lower viscosity and higher
electrical conductivity compared to the ionic liquid based EDLC.

For comparison of the achieved energy- and power density val-
ues established in this work, similar dependencies for the titanium
carbide-derived carbon material synthesized at chlorination tempera-
ture 900°C (TiC-CDC-900)!" and for D-glucose derived zinc chloride
activated carbon material (GDAC-ZnCl,)** based systems in 1 M
TEMABF; solution in AN, the titanium carbide-derived carbon mate-
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rial synthesized at chlorination temperature 950°C (TiC-CDC-950)%
and for carbon dioxide activated D-glucose derived carbon material
(GDAC-12h)*® based systems in EMImBF, ionic liquid have been
introduced into Fig. 7. These results show that GWS carbon material
synthesized in this work exhibit similar energy density values at low
constant power values (39 W hkg™!) and slightly lower energy density
values at higher constant power values in 1 M TEMABF, solution in
AN compared with TiC-CDC-900 and GDAC-ZnCl, carbons based
EDLCs. However, in EMImBF, ionic liquid electrolyte GWS carbon
material shows the highest energy density at low constant power values
(48 W h kg™!) compared with GDAC-12h and TiC-CDC-950 carbon
materials and slightly lower energy density values at higher constant
power values compared with GDAC-12h carbon based EDLC.

Conclusions

Granulated white sugar derived carbon (GWS carbon) material was
synthesized from hyrdochar, obtained from hydrothermal carboniza-
tion of granulated white sugar (GWS) aqueous solution, applying
additional activation with ZnCl, in mass ratio 1:4 at the temperature
700°C.

Based on the XRD and Raman spectroscopy data, the synthesized
GWS carbon material is mainly amorphous. N, sorption measure-
ments results show that GWS carbon material is mainly microporous,
however, this carbon contains also reasonable amount of small meso-
pores and shows high porosity, i.e. high Brunauer-Emmett-Teller spe-
cific surface area Sgpr = 2100 m?> g~', micropore surface area Spicro
= 2080 m? g~!, micropore pore volume Vo = 1.01 cm?® g=! and
total pore volume Vo, = 1.05 cm® g~

The electrochemical characteristics of the EDLCs consisting of
the GWS carbon material based electrodes in 1 M triethylmethy-
lammonium tetrafluoroborate (TEMABF,) solution in acetonitrile
(AN) and in 1-ethyl-3-methylimidazolium tetrafluoroborate ionic lig-
uid (EMImBF,) were tested applying the electrochemical impedance
spectroscopy, cyclic voltammetry, constant current charge/discharge
and the constant power discharge methods.

The electrochemical impedance spectroscopy, cyclic voltammetry
and constant current charge/discharge measurement results show that
the values of specific capacitance are somewhat higher for EMImBF,
(135 £ 5 F g7!) electrolyte compared to the TEMABF, in AN (110
+ 5 F g!). The specific energy vs. specific power dependencies are
similar with the previous results and at low constant power values the
stored energy is higher for EDLC based on EMImBEF, ionic liquid
(48 W h kg™") compared with EDLC based on TEMABF, in AN
electrolyte (39 W h kg~!). However, the best capacitance retention
and shortest relaxation time constant tTg ~ 0.5 s were established for
EDLCs in 1 M TEMABF, solution in AN due to the lower viscosity
and higher electrical conductivity compared to the ionic liquid based
electrolyte. Therefore, EDLC based on 1 M TEMABE;, solution in
AN electrolyte delivers substantially higher energy at higher constant
power values.

Thus, the GWS carbon material synthesized using cheap and abun-
dant GWS as the starting material, show good electrochemical per-
formance in TEMABF, in AN as well in EMImBF; ionic liquid and
is promising carbon material for the high energy and power density
supercapacitor application. It is important to mention that synthesis of
carbon nanospheres is simpler and environmentally more friendly than
the preparation of molybdenum carbide or titanium carbide derived
carbon powders. As a next step, the carbon powders will be synthe-
sized from the raw syrup or from the molasses of different plants (thus
less expensive than GWS) and tested as electrode materials for EDLC
and other devices.
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