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Abstract. The electrochemical properties of the nitrogen-enriched carbons obtained by plant raw
treatment as electrode material for supercapacitors were investigated by electrochemical impedance
spectroscopy, cycling voltammetry and galvanostatic charge-discharge cycling in KOH aqueous
electrolyte. The effect of activation agent (NaOH) concentration and carbonization temperature
were analyzed. The separation of double layer and redox capacitance components was done. The
dominating role of microporosity for capacitive properties was demonstrated. The capacitance of
model capacitors based on carbons obtained at different modes was calculated from both from
cycling voltammetry and galvanostatic charge-discharge data. The maximal values of specific
capacitance of carbon materials carbonized at 600°C and 900°C are about 100 and 120 F/g,
respectively.

1. Introduction

There are two different energy storage mechanisms for electrochemical supercapacitors — pure
electrostatic one with the electrical double layer formation on the electrode-electrolyte interface [1]
and pseudocapacitance developed as a result of reversible surface redox processes [2-4]. Hybrid
electrode material that combines electronic conductivity, high specific surface area and also redox
activity have a great potential [5-7]. Composite and hybrid materials on the base of graphene and
ultrafine transition metals oxides, hydroxides or selenides are the most promising [8-11]. Another
effective strategy to improve the catalytic and electrochemical performance of carbon materials is
their doping with nitrogen [12]. Nitrogen-doped porous carbon nanomaterials have new
technological applications, for example cathode catalyst for fuel cells with excellent oxygen
reduction electrocatalytic activity [13]. At the same time N-doped activated carbons have good
prospects for application in supercapacitors [14]. One of the reason of double layer capacitance
improvement is the increasing of the surface positive charge density due to higher electronegativity
of nitrogen with the simultanenous increasing of surface wettability [15]. The presence of surface-
decorated polar functional groups increases an affinity to polar solvents that is very important for
using of aqueous electrolyte with economical and environmental advantages.

Another important reason is the enlarging of microporous carbon’s electrical conductivity after
nitrogen atoms introduction doping of an additional electron into the delocalized n-system of the
graphite-like fragments [16]. At the same time the nitrogen doping caused the distortion of the
crystal lattice of graphite fragments that leads to decreasing of electrical conductivity, so controlling
of nitrogen concentration is critically important for obtaining the materials with high
electrochemical performance [16]. Besides, the presence of nitrogen functional groups on the carbon
surface induces the redox reactions and causes the pseudocapacitance properties appearance [17].
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The most probable mechanism of faradaic reactions on the N-doped carbon surface involves the
participitation of protons and pyridinic-type nitrogen or pyrrolic-type nitrogen groups [18]. The
combination of two ways of charge storage mechanism — the electric double-layer capacitance with
pseudocapacitance allows to obtain low-cost materials with high specific capacitance at high
charge-discharge rates [19]. While the progress in these areas depends on the development of highly
effective methods of N-doped carbons production with controlled morphological properties and
electrochemical performance.

2. Materials and Characterization

The microporous carbon was obtained on the base of plant feedstock using carbonization and
chemical activation. The dry apricot pit shells (fraction size of about 0.25-1 mm) were carbonized in
the high pressure reactor at 600 and 900 °C. Apricot pit shells are a high effective lignocellulosic
source and attractive material for pyrolysis and carbonization due to high carbon and low ash
contents [20]. The choice of applied carbonization temperatures values (600 and 900°C) was based
on the thermal analysis of raw materials (apricot pit shells) in the temperature range of 20-1000°C

(Fig.1).
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Fig.1. The results of thermogravimetric / differential thermal analysis of raw material (apricot pit
shells).

The intensive mass loss finished at about 380°C. The final decomposition of hemicellulose and
cellulose occurs at the temperatures up to 600 C when lignin pyrolysis continues to about 900°C
[21]. The materials obtained after carbonization procedure were milled until the fraction size of
about 200-250 um and mixed with sodium hydroxide and distilled water. Weight ratio of
m(NaOH):m(C) values were 0.25, 0.5, 0.75 and 1 under the condition that mass of water equals to
the mass of carbon. The resulting mixtures were stirred for 2 hours, dried to the constant weight at
90 °C and annealed in argon atmosphere at 600 °C (heating rate of 10 °C/min) for 20 min. The
obtained powders were mixed with HNOs3 as nitrogen source under the continuous stirring at 50 °C
in N> flow. Nitrogen concentrations in carbon samples were determined by elemental analysis using
an Quantax (Bruker Nano GmbH) EDS system for VEGA 3 TESCAN Scanning Electron
Microscope. Typical result of EDS spectroscopy of the as-synthesized nitrogen doped carbon
samples are shown in Fig.2. It is determined the average nitrogen content is close to 2.9+0.3 wt. %
for all the samples. This values were selected corresponding to the results of [16] where the
maximal electrical conductivity of N-doped carbon nanofiber was observed at nitrogen
concentration of about 3.1 wt. %. The synthesized materials were washed to neutral pH and dried at
90 °C up to constant weight. Average nitrogen content in carbons was about 1.5-2.0 wt. %. The
activation procedure was repeated for selected samples.
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Fig. 2. Typical EDS spectra of N-doped microporous carbon.

The obtained mesoporous carbons (MC) were marked according to m(NaOH):m(C) ratio value,
the carbonization temperature value and the number of activation procedures. For example, MC-
025-600-1 is a material obtained at m(NaOH):m(C) ratio value equals to 0.25 using carbon prepared
at 600 °C with the activation number equal to 1. The conditions of samples obtaining are
summarized in Table 1.

Table 1. The synthesis details and porous structure characteristics of carbon samples

Sample SBET, Smicro, Vmicro, Smeso, Vtotal,
[m?/g] | [m*g] | [em’/g] | [m*g] | [cm’/g]

MC-025-600-1 | 268 268 0.06 — 0.06
MC-050-600-1 320 320 0.08 — 0.08
MC-075-600-1 | 423 423 0.12 — 0.12
MC-100-600-1 | 408 377 0.16 31 0.18
MC-075-600-2 | 417 395 0.12 22 0.13
MC-100-600-2 | 379 289 0.14 90 0.21
MC-025-900-1 168 132 0.07 36 0.10
MC-050-900-1 197 150 0.08 47 0.12
MC-075-900-1 321 215 0.11 106 0.20
MC-100-900-1 582 551 0.23 31 0.25
MC-075-900-2 | 351 250 0.12 101 0.20
MC-100-900-2 | 566 520 0.22 46 0.25

The specific surface area and pore size distribution of MC samples were analyzed using low
temperature nitrogen adsorption/desorption (Quantachrome Autosorb Nova 2200e device). The
carbon samples were degassed at 180 °C for 18 h before measuring of morphological
characteristics. The specific surface area (Sger, m%/g) value was calculated by multipoint BET
method [22]. The total pore volume (Viota, cm’/g) was calculated by the number of adsorbed
nitrogen [22]. The volume of micropores (Vmicro, cm>/g) and the values of specific surface of micro-
(Smicro, m*/g), and mesopores (Smezo, m*/g) were found using t-method [22].

Electrochemical investigations were carried out in a three-electrode cell with a reference
Ag/AgCl electrode, platinum wire as a counter electrode and a working electrode on the pure Ni
grid. Working electrode consists of 75 % active material and 25 % acetylene black as a conductive
additive. Electrochemical performance was measured in 6 M KOH as an electrolyte. The specific
capacitances were measured at specific currents in a range of 0.08-0.40 A/g. Cyclic voltammetry
(CV) investigations were carried out at scan rate of 0.5, 1, 2, 3, 4 and 5 mV/s. Electrochemical
impedance spectra (EIS) were measured at frequencies from 0.01 Hz up to 100 kHz. The
measurements were carried out using Autolab PGSTATI12 (ECO CHEMIE Company) with GPES
and FRA-2 software. All the measurements were carried out in the same type of three electrodes
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electrochemical cell with Pt pseudo-reference electrode and Ag/AgCl reference electrode.
Impedance measurements were carried out after the cyclic voltammetry studies in a constant voltage
mode (0.2, 0.4, 0.6, 0.8, 1.0, 1.2 V vs Ag/AgCl). Zview2 analytic software was used for impedance
spectroscopy data analysis [23]. The surface morphology of the obtained samples was investigated
by a Tescan Vega-3 scanning electron microscope (SEM).

Raman spectra of synthesized nitrogen doped carbons were obtained in reverse scattering
geometry using the argon-krypton laser source (excitation radiation wavelength of 488 nm) with
T64000 Jobin-Yvon spectrometer. The irradiation power < ImW/cm? was used to avoid the heat
damage of the samples.

STA 449 F3 Jupiter (Netzsch) device was used for thermal analysis. The measurements were
carried out in the argon atmosphere in the temperature range of 20-1000°C.

3. Results and Discussion

Nitrogen adsorption/desorption isotherms for carbonized at 600 °C carbon samples after one
activation procedure (Fig. 3.a) belong to I type of IUPAC classification indicating microporous
solids regardless of m(NaOH):m(C) ratio during activation procedure. Simultaneously the total pore
volume increases with the increasing of activation agent content (Fig.3.a). At the same time
adsorption/desorption isotherms for materials obtained using two activation procedures have the
hysteresis loop that corresponds to H4-type of IUPAC classification and capillary polymolecular
adsorption in micro- and mesopores (Fig. 3.b).

—

125 150

600°C
two activations

600°C
one activation ;

a)

175 900°C

two activations

900°C
150 1 one activation .|

125
1001

Vv, cm’/g

Fig. 3. Nitrogen adsorption/desorption isotherms for MC samples carbonized at 600 and 900 °C
after one (a, c) and two (b, d) activation procedures respectively.
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The increasing of hysteresis loop in adsorption/desorption isotherms for samples carbonized at
900 °C with one activation procedure is observed for increasing of m(NaOH):m(C) ratios in a range
of 0.25 to 0.75 but material obtained at the maximal concentration of NaOH is characterized by
decreasing of capillary condensation probability (Fig. 3.c). The same regularity was observed for the
case of double activated samples prepared at 900 °C (Fig. 3.d).

The calculated values of specific surface area, average volumes of micro- and mesopores of all
the synthesized samples are summarized in Table 1. The values of specific surface area for sample
obtained at 600 °C vary in a range of 268-423 m?/g in the case of one activation procedure with the
tendency to increasing when NaOH concentration grows. This regularity was also observed for once
activated samples obtained at 900 °C. The slight decreasing of BET specific surface area for double
activated carbons in comparison with the once activated samples obtained at the same
m(NaOH):m(C) ratios was observed independently on carbonization temperatures. MC-100-900-1
sample has a maximal (582 m?/g) value of specific surface area.

Raman spectroscopy allows separating the response of graphitized part and non-graphitized
part of carbon materials with complex microstructure. Raman spectra of the obtained materials
contain two peaks at around 1580-1590 (G-band) and 1340-1360 cm™' (D-band) The G band
corresponds to doubly degenerate phonon mode for E», symmetry of sp” carbon networks and is an
evidence of graphite structure presence. The complex D band corresponds to sp® carbon networks
and its relative intensity grows with the enlarging of disordered carbon content. The ratio of Ip/lg
integrated intensity for the D and G bands can be used for characterizing of the graphitization
degree of synthesized materials [24]. Raman spectra of the carbon materials obtained at different
carbonization and activation conditions are (as shown in Fig.4) with the deconvolutions into Gauss
band shapes after a baseline subtraction.

]/ mc-075-600-1 I L MC-075-500-2I d MC-075-900»ZI
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Fig. 4. Deconvoluted Raman spectra of the materials carbonized at (a) 600°C and (b) 900°C after
activation under different conditions with the calculated ratio of the Ip/Ig bands integrated

intensities.

All the spectra consist of relatively narrow G-band at about 1590-1593 cm™! corresponding to
in-plane optical mode at the center of the Brillouin zone and complex D-bands are assigned to non-
ordered carbon. The optimal approximation of D-band was done using two components that appear
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as a result of the m and n* electronic states splitting [25]. It is known that D-band for graphene has
singlet-type, for two-layered graphene it is a quadruplet and for graphite-like packages with five and
more layers D-band splitting merges into a doublet [26]. The components of D-band are associated
with local unsymmetrical vibration of chemical bonds in graphitized defect carbon. The Ip/Ig ratio
values that does not depend on the carbonization temperature are minimal for m(NaOH):m(C)
weight ratio equals to 0.75, that corresponds to the maximal graphitization degree. It can be
concluded that the second activation procedure causes the decreasing of graphitization degree for
materials obtained under the condition of m(NaOH):m(C) = 0.75 and its increasing for carbon
materials obtained at m(NaOH):m(C) weight ratio equals to 1. There is a linear dependency between

Iy

-1
(In/Ig ) and 1/La [27]: L, (nm) =(2.4x107""A" (1 ] , where L. (nm) is an average crystallite size

G
of graphite, A (nm) is a laser line wavelength. The calculated values of graphite crystallite size for
carbons obtained under different carbonization and activation conditions are presented in Fig.5. The
double activation procedure at m(NaOH):m(C) = 0.75 for both used carbonization temperatures
(600 and 900°C) allows to obtain the carbon materials with the lowest average size of graphite
nanocrystal.

MC-075-900-1

MC-075-600-1

3.50
3.25

,nm

a

MC-100-600-2

MC-100-900-1 MC-100-900-2

3.25+
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Crystallite size, La, nm
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MC-075-600-2 [0
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s00 L e s : 2754 Loptd
a) b)
Fig.5. The average crystallite size of graphite for carbon materials obtained after carbonization at

(a) 600 and (b) 900°C under different activation conditions

Nyquist plots for the samples obtained at 600 °C after one (Fig. 6.a, b) and two (Fig. 6.c, d)
activation procedures were measured. It is known that electrochemical impedance spectra of porous
carbon typically depend on three frequency-dependent processes probability [28]: the mass transfer
is unlikely at high-frequencies so only charge transfer at the electrode/electrolyte interface
contributes to system electrochemical response; the ion diffusion in mesoporous channels will be
dominant for medium-frequencies; non-homogeneous diffusion in less-accessible sites will be
important in low-frequency region.

Nyquist plots for samples obtained at 600 °C under the condition of one activation procedure
consist of a small high-frequency semicircle (the result of limitations on H", Na*, OH™ ion transport
through the carbon) and a line close to straight at the low-frequency region (corresponds to the
double-layer capacitance). It can be concluded that the charge transfer resistance through the electric
double layer on the electrolyte/electrode interface within the electrode materials is relatively low
and doesn't depend on the bias potential. The main reason for observed tendency to decreasing of
internal resistance with the increasing of m(NaOH):m(C) ratio is the enlarging of penetration ability
of carbon due to porosity increasing. The medium frequencies regions are characterized by the 45°
Warburg segment that corresponds to diffusion process from the electrolyte into the carbon pores.
The tendency to increasing of Warburg segment with the increasing of m(NaOH):m(C) ratio is
observed that indicates an increase in Warburg resistance faced by the electrolyte ions during their
transport. A pure capacitor should demonstrate a vertical line for low frequency region. The
deviation from the expected behavior is an evidence of ion diffusion into the pores of carbon
material and the pore size distribution of the porous matrix.
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Fig. 6. Nyquist plots of MC samples carbonized at 600 and 900 °C after one (a, b) and two (c, d)

activation procedures, respectively.

The equivalent circuit used for experimental impedance data fitting is presented in Fig. 7. The
high and medium-frequency data were fitted with Rs-(R1-CPE1) chains, where Rs is the resistance of
the electrolyte combined with the internal resistance of the electrode. The impedance of the constant

. 1 .
phase element can be written as Z_, =————, where Pcpg is the constant phase exponent (0<
T, (iw)”

Pcpe< 1) and TcpE is the capacitance when Pcpg = 1, the Warburg impedance when Pcpe = 0.5 and
resistance when Pcpg close to 0.

Rs CPE1 a2
? I
R1 R2 CPE2
>
R3 C3
—

Fig. 7. Equivalent circuit for modeling the impedance MC samples.

In our case constant phase element CPE; is associated with the combination of the double-layer
capacitance from the carbon and some pseudocapacitance component caused by Faradaic charge
transfer processes. Ri placed in parallel with CPE; is the leakage resistance corresponds to ion
diffusion transfer through the electrode / electrolyte interface. The medium-and high frequency data
were fitted using Randles-type circuit Co-(R2-CPEz), where C2-R> -chain represent the process of
electric double layer formation in large micro- and mesopores: Cz is homogeneously distributed
capacity of EDL and Ry is the resistance of this process. The chain CPE»-(R3-C3) is associated with
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diffusive ion transportation and corresponds to low-frequency Faradaic impedance caused by non-
homogeneous ionic transport in micropores. The used approach is close to equivalent circuit
proposed in [29].

The fitted data for circuit elements calculated for zero bias potential are generalized in Table 2.
The Kramers-Kronig coefficient for fitting procedure does not exceed 8x107%; the difference
between experimental and model curves does not exceed 10 %. It is important that the base
equivalent circuit composition changes for samples obtained at different synthesis conditions. The
charge transfer resistance R; corresponds to redox processes and charge transfer through the
electrode/electrolyte interface is close to zero. The low values of R; can be associated with the
presence of open morphology and good possibility for EDL formation. The values of R resistance
for samples with the mesopores presence are some higher that can be explained by the
polymolecular absorption. Only low tendency to Ri increasing for spectra obtained under more
positive potential is observed (Fig. 6a).

Table 2. Fitted equivalent circuit elements of MC samples obtained under different conditions

Sample [oRhSr}l] [01}1]&1] CPE,-T | CPE;-P | CPE,-T | CPEx-P | Rs, [Ohm] | C3, [mF]
MC-025-600-1 | 0.15 - 039 | 078 | 1.80 | 0.39 - -
MC-050-600-1 | 0.10 - 096 | 095 | 268 | 043 - 4.98
MC-075-600-1 | 0.14 — 1.84 | 084 | 548 | 041 — 7.87
MC-100-600-1 | 1.78 | 052 | 244 | 089 | 3.67 | 045 2.03 1.26
MC-075-600-2 | 0.28 | 0.87 | 1.79 - - - - 0.31
MC-100-600-2 | 0.13 — 231 | 088 | 12.86 | 0.38 - -
MC-025-900-1 | 021 | 1.84 | 0.16 | 062 | 051 | 039 15.37 0.91
MC-050-900-1 | 024 | 254 | 031 | 070 | 079 | 045 13.96 -
MC-075-900-1 | 029 | 1.07 | 1.10 | 087 | 222 | 042 _ _
MC-100-900-1 | 0.16 — 262 | 082 | 2220 | 036 — 9.42
MC-075-900-2 | 025 | 035 | 138 | 099 | 6.06 | 0.48 - -
MC-100-900-2 | 021 | 0.13 | 000 | 078 | 1.00 | 0.55 0.64 8.43

The consistent growth of CPE;-T corresponds to increasing of specific surface area and double-
layer capacitance. The calculated values of CPE»-P are in a range of about 0.39-0.45 for materials
obtained at 600 °C and 0.36-0.55 for materials obtained at 900 °C that indicated the diffusion-
controlled character of impedance. The deviation of CPE2-P from 0.5 can be explained by the
inhomogeneous distribution of pores and fractal structure of the electrode/electrolyte interface [30].
The presence of (R3-C3) chain was observed only for materials without mesopores structure and
corresponds to non-homogeneous distributed capacitance of the EDL at the interface
electrode/electrolyte. The dependence of the electrode potential on the CPE values indicates the
weak specific adsorption of ions at different potential values and a change of surface charge density.

The typical cyclic voltammograms of synthesized carbons measured at two selected scan rates
(30 mV/s) are shown in Fig. 8. The deviation of the CV curves from approximately rectangular
shape indicates the presence of pseudocapacitance component both with the typical double-layer
capacitance. Nevertheless the redox peaks correspond to surface faradaic were not clear observed.
The very broadened anodic peaks are observed in the CV curves of samples obtained at 600 °C, but
for samples obtained at 900 °C they practically are not observed. The pseudocapacitance may be
caused by the nitrogen-contained groups on the surface of carbon particles which induce the
complex faradic reactions in KOH aqueous solution [31]. The measured CV curves have a stable
shape in a wide range of scan rates (1-50 mV/s) with proportional increasing of the peak area which
indicate a good reversibility of kinetic process and the stability of electrode materials in aqueous
electrolyte at different charging-discharging modes.
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Fig. 8. Typical cyclic voltammetry curves at a scan rate range of 30 mV/s for model capacitors
based on carbons obtained (a) 600 and (b) 900 °C.

The curve shapes and the current plateaus increasing vary for different electrode materials in a
same testing conditions (Fig. 8). The higher capacitance (plot area) was observed for materials with
maximal amounts of micropores — samples of MC-075-600-2 and MC-100-900-1 for different
series, respectively (Table 1). The different curve shapes clear indicated that the increasing of
m(NaOH):m(C) weight ratio of leads to decreasing of charge current density thus indicate lower
resistance to charge transfer of the carbon electrode. The specific capacitance C of the materials was

calculated based on the CV measurements using the equation: C=_[UUZI (U)au / 2ms (U, -U,),

where U; and U; are cutoff potentials in CV, [(U) is an instantaneous current, m is a mass of
individual sample, s is a scan rate [32].

Fig. 9 shows the specific capacitance values at different scan rates for model capacitors on the
base of all the synthesized materials. All the cells show a common trend of capacitance decreasing
at the scan rate increasing.
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Fig. 9. The specific capacitance (calculated from CV curves) versus scan rate for model capacitors
based on carbons obtained at (a) 600 and (b) 900 °C.

The higher values of specific capacitance at low scan rates are caused by the mobility restriction
of electrolyte ions and relatively longer time to its transfer through carbon material pores and
electric double layer forming. In the scan rate region above 15 mV/s the specific capacitance values
for materials obtained at 600 °C to decrease faster than that for carbons synthesized at 900 °C that is
an evidence of the diffusion resistance increasing for ion transfer into the electrode pores. MC-100-
900-1 material demonstrate the highest specific capacitance values throughout the whole with the
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one of the lowest decreasing rate in a scan region of 15-50 mV/s. This result is in agreement with
the EIS results about the highest value of CPE;-T parameter which corresponds to capacitance of
both double-layer and pseudocapacitance component. The using of cyclic voltammetry allows to
separate non-Faradaic and Faradaic components and can also be used for calculation of carbon
electrode’s capacitance. These contributions can be separated using different kinetic dependence of

each capacity on potential scan rate (s) [33]1:0=0 _ +as"* and Q"' =0 +bs"?, where Q is the
total charge at different scan rates (Q=CmAU =5/2s, S is total area of CV curves), Qs- 1S a
double layer charge and Qs-¢ is the maximum total charge that can be obtained and a and b are
constants. Experimental dependencies of Q(s_l/ *) and Q‘l(sl/ ?) and also the results of their linear
fitting are presented in Fig. 10.
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Fig.10. The relation of charge O vs s % (a, ¢) and Q7 vs 5" (b, d) for carbon samples obtained
under different synthesis conditions.

Fig. 11 shows the contributions of the double layer capacitance to the total one of the carbon
electrodes. For all the samples the double layer effects contribution to the total capacity is less than
the diffusional ones. At the same time the decreasing of relative value of double layer capacitance
corresponds to total capacitance increase (Fig. 11). This result indicates that the diffusional
controlled reactions are very important to total capacitance formation. The highest capacitance value
observed for MC-100-900-1 sample which have the lowest relative contribution of the double layer
capacitance (about 54 %). This trend also is observed for samples obtained at 600 °C where MC-
075-600-2 sample have the highest contribution of pseudocapacitance (about to 33%). Some
regularity of the diffusion-controlled redox capacitance contribution to the total one was found - the
increasing of m(NaOH):m(C) weight ratio at samples synthesis causes the increasing of
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pseudocapacitance contribution for once activated samples. At the same time the repeat of
activation at the maximum value of activating agent concentration leads to decreasing of diffusional
controlled reactions contribution. The presence of synergistic effect of NaOH concentration and
number of activation procedures allows to control of total capacitance of carbon electrode.

100+
80

60

40-

_

20+
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Fig. 11. The average contributions of double layer capacity to the total capacitance of the carbon
obtained at (a) 600 and (b) 900 °C.

Specific capacitance and rate performance of carbon electrodes were calculated using cycling of
model capacitors in galvanostatic charge-discharge mode at applied currents in a range of 1-
100 mA/g in a potential window from -0.2 to 0.8 V. The typical charge-discharge curves measured
at current density of 10 mA/g are shown in Fig. 12.
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Fig.12. Charge-discharge curves measured at current density of 50 mA/g for model capacitors based
on carbons obtained at (a) 600 and (b) 900°C.

The deformation on the charge-discharge curves in potential range 0.6-0.7 V is a result of
pseudocapacitive redox processes and corresponds to reduction process previously identified by CV
method. The discharge performance under the same conditions is better for carbons obtained at
900°C. The specific capacitance of the synthesized carbons was calculated using the equation:
C =1-At/m-AU , where [ is a constant discharge current and Af is the discharge time, m is the

spec
mass of electrode (g), AU is the potential window of discharge. The calculated values are shown in
Fig. 13.
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Fig.13. The specific capacitance (calculated from galvanostatic charge-discharge cycling) versus
current values for model capacitors based on carbons obtained at (a) 600 and (b) 900°C.

Maximal value of specific capacity (up to about 100 F/g) for carbons obtained at 600°C
corresponds to MC-075-600-2 sample which is consistent with CV data. For samples obtained at
900°C maximal specific capacitance (of about 120 F/g) was observed for MC-100-900-1 sample
with the lowest rate of decrease in capacitance at current density increasing.

4. Conclusion

N-doped activated carbons were prepared by plant feedstock carbonization and chemical
activation using NaOH. It was determined that both activation agent concentration and
carbonization temperature effect on the porous structure and electrochemical performance of
obtained carbons. The highest value of specific surface area (582 m?g!) at simultaneous maximal
relative contents of micropores (up to 95% of total area) observed for sample obtained at 900°C
after one activation procedure at m(NaOH):m(C)=1:1. The highest capacity value (calculated both
from galvanostatic charge-discharge and voltammetry cycling) was observed for the samples with
the low relative contribution of the double layer capacity that indicates the pseudocapacitance
presence. It was found the increasing of m(NaOH):m(C) weight ratio at synthesis causes the
increasing of redox capacitance contribution for once activated samples. The repeating of activation
procedure results the decrease of diffusion controlled capacitance caused by the nitrogen-contained
groups on the surface of carbon particles. The lowest average size of graphite nanocrystals was
observed for double activated materials obtained at m(NaOH):m(C) weight ratio equals to 0.75. The
maximal values of specific capacitance of carbon materials carbonized at 600°C and 900°C are
about 100 and 120 F/g, respectively. The variation of activation agent concentration and the number
of activation procedures allows controlling specific surface area and micropores relative content and
predicting the contributions of double layer capacitance and diffusion-controlled redox capacitance
to the total capacitance of microporous carbon.
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