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The article presents the results of electrochemical and morphological inves-
tigations of nanoporous carbon as an electrode material for electrochemical
capacitors. Nanoporous carbon material is obtained from raw vegetable ma-
terials via carbonization and subsequent activation by sodium hydroxide. The
optimum conditions of activation of nanoporous carbon are set, at which the
maximum specific capacity of electrochemical capacitors formed on its base
is 140 F/g. As shown, the state and morphology of the developed surface
greatly affect the value of specific capacity.

Y poboTi mIpencTaBIeHO PE3yAbTATH €JIEeKTPOXeMiuHuX i Mopdosoriuaux goc-
JiIKeHDb HAHOIIOPUCTOTO BYTJIEITIO AK €JIEKTPOAHOTO MATePiANy AJIA eJeKTPO-
xemiunux KougeHcaropis (EK). Hanomopuctuit Byraenesuit matepisan (HBM)
OyJI0 OlePIKaHo i3 CUPOBUHU POCJIMHHOIO IMIOXOAMKEHHA HIIaxoM ii KapboHisa-
mii Ta HacTymHOI akTHBaIii HaTpPiil rigpokcugoM. BeTaHOBIEHO ONTUMAJBHI
ymoBu axktuBariii HBM, 3a aKuxX ZOCATHYTO MaKCHUMAaJbHY IIUTOMY €MHICTH
(140 ®@/1) EK, chopmoBaHUX Ha ¥oro ocHOBi. [IoKkasaHo, 1110 HA BEIUUUHY TTH-
TOMOI EMHOCTHY iCTOTHO BILJIMBAE CTaH i MOPGOJIOTiA PO3BUHYTOI ITOBEPXHi.

B paGore mpeacTaBiieHbl Pe3yJabTATHI 9JIEKTPOXUMUUYECKUX U MOPGOIOTHYE-

CKUX HCCJeZOBAHUII HAHOMOPHCTOTO yIyepoja KaK 3JeKTPOLHOI0 MaTepuaia
I 9JIeKTpoXuMuYecKux KoHgeHcaTopoB (9K). HanomopucTeiil yriaeposHbIi
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matepuana (HYM) moayueH u3 ChIPbA PACTUTEIHHOTO ITPOUCXOMKICHUA ITYTEM
ero KapOOHM3aINM U MOCJeNYIONiell aKTUBAIIUY HATPUHN THAPOKCUAOM. ¥ CTa-
HOBJIEHBI OITUMAJbHEIE YCa0BuA akTuBanuu HYM, mpu KOTOPBIX JOCTUTHYTA
MaKcUMaJbHadA yAaedbHasd éMKocTh (140 ®@/r) 9K, chopMUpOBaHHBEIX HA €ro
ocuose. [Iokazano, UTO Ha BeJIMUYUHY YAEJIbHOU EMKOCTHU CYIIIECTBEHHO BIUAET
COCTOsIHME U MOP(OJIOTUS PA3BUTOM TIOBEPXHOCTHU.
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1. INTRODUCTION

The problem of porous structure forming in carbon materials as the
basis of supercapacitors electrodes is relevant both in scientific and
applied terms, since carbon is not only the basis of classical superca-
pacitors operating on the charge/discharge of the double electric layer
(DEL), but also is practically an integral part of the devices of hybrid
and pseudo-capacitive accumulation of charge [1, 2]. The reason for
this one is the ability to create unique structures of carbon atoms such
as nanotubes, fullerene, and graphene.

The fractal structure of the pores formed in nanoporous carbon (NC)
in different ways determines the possibilities of carbon application in
charge accumulation devices [1, 3]. In particular, the pore-sizes’ dis-
tribution and specific surface area are the most important characteris-
tics, without which it is impossible to select one or another electrolyte,
to establish the optimal ratio between the internal resistance and spe-
cific capacity of the device, to provide a constant Coulomb efficiency
for large (10°) number of charge/discharge cycles.

2. OBJECTS AND METHODS

NC was used as an active material obtained from plant raw materials
through carbonization with the following chemical activation. The feed-
stock was dry apricot seeds milled to a fraction size of 0.25—1 mm. Their
carbonization was carried out in the closed furnace at 900-920°C with a
heating rate of 10°C-min™". The resulting carbonized material was milled
to a fraction size of 200—250 um and mixed with sodium hydroxide and
water in the weight ratio X,=1, where X,=m(C)/m(NaOH).

The resulting mixture was observantly stirred over 1-2 h; thereaf-
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ter, it was dried in the thermostat to the constant weight at 90°C. The
dried material was placed in an oven and heated in argon atmosphere to
600°C (samples NC6), 700°C (NC7), 800°C (NC8), and 900°C (NC9) for
20 min. After cooling, the resulting material was washed up in 5% HCI
aqueous solution to neutral pH and dried at 90°C up to constant weight.

The characteristics of porous structure (specific surface area and
total pore volume) of NC were determined by analyzing the adsorp-
tion/desorption isotherms of nitrogen at its boiling point (77 K) ob-
tained using Quantachrome Autosorb Nova 2200e. Before the meas-
urements, the samples were degassed in vacuum at 180°C for 18 h. The
specific surface area (Sggy, m?/g) was determined by multipoint BET
method in limited range of relative pressure p/p,=0.050-0.035. The
total pore volume (V,.;, cm®/g) was calculated by the number of ad-
sorbed nitrogen at p/p, ~ 1.0. The volume of micropores (V,;.;0, cm?/g),
the values of specific surface of micro- (S,;..,, m?/g) and mesopores
(S,.000» M?/8) were found by using t-method [4].

The structural study was conducted by using scanning electron micro-
scope JSM-6700 F with energy system JED-2300. For scanning electron
microscopy, the thin layer of the sample was put into the epoxy resin
piece. The sample size does not exceed D = 25 mm at a height of 10 mm.

The electrodes of electrochemical capacitors (ECs) were prepared of
alamellar form from a mixture <NC>:<CA> = <75>:<25>, where CA is a
conductive additive (KS-15 graphite (Lonza Group, Basel, Switzer-
land)). These symmetrical electrodes were infiltrated by the electrolyte
separated by a separator and sealed in two-electrode cell of the ‘2525’
size. 30% KOH solution was used as the electrolyte. The investigation
of electrochemical properties of ECs was conducted with galvanostatic
and potentiodynamic cycling. The measurements were carried out on a
set Autolab PGSTAT12 (ECO CHEMIE Company) equipped with GPES
and FRA-2 software.

Galvanostatic measurements were conducted in voltage range of 0—1
V; charge/discharge current changed within the range 10—-150 mA.

The specific capacity was calculated by means of formula:
C =2It,/[(U, — AU)m], where I—charge/discharge current, t,—
discharge time, U,,—maximum voltage, AU—voltage drop at the clo-
sure of the discharge circuit, m—weight of NC. The IR was determined
by the potential jump after ten charge/discharge cycles: AU = IR. The
values of specific capacity according to potentiodynamic measure-
ments were calculated as C=2I/(sm), where I—current in anodic or
cathodic branches of voltammograms, s—scan rate, m—weight of NC.

3. RESULTS AND DISCUSSION

The necessary information for the calculation of the structural and
morphological characteristics of the experimental samples of NC is
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Fig. 1. Isotherms of nitrogen adsorption/desorption for carbon materials:
a) NC6; b) NC7; ¢) NC8; d) NC9.

given by the experimental dependences of the change in the volume V'
of adsorbed/desorbed nitrogen on the value of its relative pressure p/p,
at constant temperature (Fig.1). As seen from these curves, the
amount of sorbed nitrogen gradually decreased with increasing of ac-
tivation temperature.

Isotherms of adsorption/desorption of nitrogen for all carbon sam-
ples are similar and characteristic for polymolecular adsorption in mi-
cro- and mesoporous materials of organic origin. There is a H4-type
hysteresis loop classified by IUPAC for all samples, which is associated
with capillary condensation in the mesoporous [5]. Mesopores are the
transport channels for the passage of adsorbate or electrolyte into mi-
cropores. Analyzing isotherms of adsorption/desorption, the values of
the area and volume of micro- and mesoporous are determined (Table).

NCs obtained are characterized by a microporous structure with an
average pore diameter of 2 nm and a specific surface area of 900-1000
m?/g (Table). There is a burning out of the carbon frame at increasing of
activation temperature, which is accompanied by a decreasing in the
number of micropores and their merging into mesopores. This is con-
firmed by an increase in the average pore diameter from 1.89 to 2.11 nm
for temperatures of 700—-900°C. Comparing the results of specific sur-
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face area of NCs obtained at different activation temperatures, it is ob-
served decrease of it with increasing temperature of chemical activation.

The pore size distribution of the investigated NCs (Fig. 2) was calcu-
lated using the density functional theory (DFT) in approximation of
slit-shaped pores. This method used the quantum-mechanical calcula-
tions to describe the adsorption isotherms and pore-size distribution.
The essence of the approach is to construct theoretical isotherms for
different adsorbent—adsorbate pairs and compare them with experi-
mentally obtained ones.

The largest number of micro- and mesoporous is observed at 600°C
(sample NC6). The amount of micropores decreases, when the activa-

TABLE. Structural-adsorption parameters of NCs.

Sample SBET’ mZ/g ‘Smicro’ mz/g‘Vmicro’ Cmg/g‘ Smeso’ mZ/g ‘Vtotali Cm3/g‘ d, nm

NC6 1056 1040 0.48 45 0.53 2.01

NC7 906 898 0.39 20 0.43 1.89

NC8 859 854 0.37 23 0.41 1.92

NC9 802 766 0.39 34 0.42 2.11
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Fig. 2. Pore size distribution for carbon materials according to DFT-method:

a) NC6; b) NC7; c) NC8; d) NC9.
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Fig. 3. Pore area distribution for carbon materials according to DFT-method:
a) NC6; b) NC7; ¢) NC8; d) NC9.

tion temperature increases, as part of the burning lingocellulosic ma-
terial increases. All materials contain mesopores of 2—4 nm in size
(Fig. 3). Depending on the technological regimes, the nanoporous ma-
terial has a different morphology. Maximum surface area (1056 m?/g)
is observed for the sample obtained at activation temperature of 600°C
(Table). The porous structure and surface morphology will determine
the physical and electrochemical properties of the resulting NCs.

The results of low-temperature porometry are in a good agreement
with the data of electron-microscopy investigations (Fig. 4). The imag-
es clearly show the surface microcracks and the presence of round or
oval transport pores of 0.4—4 yum in size.

Throughout the surface, there are inclusions of white colour associat-
ed with ash residues and products of the interaction of sodium hydrox-
ide with carbonaceous material. There are also needle-like and fibrous
inclusions in the form of blurry rings in the structure of the material.

The pore size decreases to 50 nm, when the activation temperature
increases from 600 to 700°C. Pores become irregular, and microcracks
are observed in the range of activation temperature of 700-800°C (Fig.
4, b, ¢) The number of pores is reduced significantly as well as the
amount of ash residues significantly increases at 900°C.
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Fig. 4. SEM images of carbon material surface: a) NC6; b) NC7; ¢) NC8; d) NC9.

To study the effect of the activation temperature of the raw material
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on the specific energy—capacity characteristics of NCs, the dependence
of the specific capacity of NCs on the discharge current was calculated
according to the results of galvanostatic studies. It is set that activa-
tion at 600, 700, 800, and 900°C allows obtaining a carbon material
with a specific capacity of 140, 91, 95, and 62 F/g, respectively, at dis-
charge current of 50 mA.

It was found that the specific capacity for the sample NC6 is practi-
cally unchanged in the whole range of discharge currents (10—200
mA). Probably, this regularity is associated with a presence of large
number of mesopores in material, which are transport channels that
provide the availability of electrolyte ions to micropores at high dis-
charge currents. All curves are characterized by a monotonous reces-
sion as the discharge current increases. The reason for this dependence
is that micropores with a narrow radius of <2 nm dominate in these
materials, so there is a growth in the internal resistance of the capaci-
tor with increasing of discharge current. A characteristic feature of
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Fig. 5. The dependences of specific capacity of NCs (a) and voltage drop (b) on
discharge current.
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Fig. 6. Cyclic voltamperograms of ECs at scan rate of 2.5 mV/s.



EFFECT OF THERMOCHEMICAL MODIFICATION OF CARBON MATERIALS 311

the investigated materials is that the capacity decreasing does not ex-
ceed 25% at discharge currents of 10—100 mA that indicates the pro-
spect of these materials using as electrodes of supercapacitors [6].

The sharp voltage drop AU at constant charge/discharge current in-
dicates the presence of an internal resistance of the porous carbon ma-
terial/electrolyte electrochemical system. If the voltage drop exceeds
20% of the maximum, the discharge current must be lowered by two,
five, or ten times. Figure 5, b shows the dependence of the voltage drop
of ECs from the applied discharge current.

Cyclic voltamperometry in the field of electrochemistry is widely
used to estimate the energy characteristics of storage devices and
transformation of electrical energy such as electrochemical capacitors,
batteries, and power supplies. This method allows investigate the de-
pendence of current on the applied potential, which periodically
changes over a certain time [7]. Figure 6 shows cyclic voltam-
perograms of ECs at scan rate of 2.5 mV /s in the range 0-1 V.

The general view of voltamperograms on NC base is typical for ECs
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Fig. 7. Cyclic voltamperograms of ECs on NC base: a) NC6; b) NCT7; ¢) NCS8; d)
NC9. Scan rateisof 1, 2.5, 5, 10, 15, 20, 25, 30, 35,40 mV/s.
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operating on the principle of DEL charge/discharge. The dependences
have a symmetrical form at a scan rate of 2.5 mV/s, indicating a quasi-
reversibility of charge/discharge of DEL. A slight peak is observed on
voltamperograms at potentials 0.85—1 V for all samples. If we take into
account that the materials’ capacity is provided mainly by negative
electrolyte ions (OH-groups) in this area, one can conclude that a pro-
cess of these groups’ introduction into the pores of the electrode mate-
rial [8]is possible.

Figure 7 shows cyclic voltamperograms of ECs. All samples exhibit
ideal polarization at low scan rate (s=1-10 mV/s). There is a slight
distortion of the voltamperograms and their deviation from the rec-
tangular shape, when the scan speed increases. This may be due to an
increase in the internal resistance of EC and the initial stage of the
‘starvation’ electrolyte effect, when the charged electrolyte ions are
removed at their adsorption at the DEL boundaries.

4. CONCLUSIONS

It is set that the most efficient electrode material for EC is carbon ma-
terial obtained by carbonization of plant material at 600°C and chemi-
cally activated by NaOH, when C/NaOH ratio is 1:1. It is shown that
NC is formed with pore sizes of 0.8—10 nm at carbonization tempera-
ture of 600-900°C and chemical activation of raw materials by NaOH
with the ratio C/NaOH =1:1.
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