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Influence of ultrasonic radiation during cavitation regime on electrochemical properties
of wood based activated carbon was studied. The optimal mode for ultrasonic treatment of
activated carbon was determined, wherein the specific capacity of supercapacitors, pro-
duced on the basis of such carbon, increases from 52 F/g to 151 F/g. It was shown that
ultrasonic treatment does not cause significant changes of the porous structure of the
activated carbon but reduces the number of surface groups. The Nyquist plots for super-
capacitors made of both original and modified carbon, were analyzed. Equivalent electrical
circuits which model the impedance hodograph were constructed. For this purpose, de
Levie model was used, modified by parallel RgoCgr, — link of chain. It was shown that
ultrasonic radiation allows not only to change effectively the properties of a surface, but
also shifts a position of the Fermi level to the energy region, which is characterized by a
high density of delocalized electron states. Quantity reduction of surface groups and the
change of an electronic structure of activated carbon is a reason for the increase of charge
accumulation efficiency in an electric double layer at the boundary with electrolyte.
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WccaemoBano BiaHsAHNE YJIbBTPA3BYKOBOTO H3JYyYEeHUS B KABUTAIIMOHHOM pPEXXHME HAa
IEKTPOXUMUYECKHNE CBOICTBA APEBECHOT0 AKTUBHUPOBAHHOTO Yriif. YCTAHOBJIEH OITHUMAJb-
HBIM PEXUM YJIbLTPA3BYKOBOUW 00paboTKM aKTHUBUPOBAHHOI'O YIJIA, IPKU KOTOPOM yIelbHAas
€MKOCTh CYIIEPKOHEHCATOPOB, M3TOTOBJIEHHLIX HAa OCHOBE TAKOro yrias, pacrter or 52 @/r mo
151 &/r. IlokasaHo, YTO yJAbTPASBYKOBasg 00paboTKa He BHIBHIBAET SHAUNTEJIbHBIX H3MEHe-
HUI HOPUCTON CTPYKTYPHI AKTUBUPOBAHHOTO YIJfd, HO YMEHBIIAET KOJUIECTBO IIOBEPXHOCT-
HBIX rpym. I[Ipoananusuposansl auarpaMmsl HalfikBucra 1y CyIepPKOHIEHCATOPOB, H3IOTOB-
JIEHHBIX KAK 13 MCXOMHOr'0, TAK W U3 MOAUDUIIMPOBAHHOrO yrifa. IIoCTpoeHo SKBUBAJIEHTHBIE
IIEKTPUYECKUE CXEeMBl, MOIeJupyoliume romorpadsl mMmmeganca. I[Jig 9TOro HCIIOJIL30BAHA
mozeab ge JleBu, moamuUIMpOBaHHASA MHOAKJIIOUEHHEM RSCCSC — 3Bena. Ilokasano, 4ro
YJIAbTPAa3BYKOBOE M3JAyUEHHE II03BOJAET He TOJbKO d(P(PEeKTUBHO M3MEHSATh CBOMCTBA IIOBEPX-
HOCTHU, HO W CIBUTaeT IoJioxkeHre ypoBHs PepMmMu B sHepreTuueckKyio obiaacTb, Koropas
XapaKTepUusyeTcs IIOBLIIIEHHON ILIOTHOCTBIO COCTOSHHUI AeJOKAJIHU30BAHHBIX DIEKTPOHOB.
VMeHbIIeHNEe KOJUYECTBA [IOBEPXHOCTHBIX TPYIIN U M3MEHEHHE 9JeKTPOHHOIO CTPOCHUS aK-
TUBUPOBAHHOI'O YA ABJISETCA MNPAUYMHOM pocTa 5PPEeKTUBHOCTA HAKOIJIEHUS 3apana B
IBOUHOM SJEKTPUYECKOM CJO€ Ha I'PAHUILE ero pPasiesa ¢ 3JIEKTPOJUTOM.
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Bnane yasTpaseykoBoi Mogudikamii Ha CTPYKTypy AKTHBOBAHOTO BYTiJiaA i xapakTtepuc-
THKHN CyNepKOHAeHCATOPiB Ha ¥oro ocHoBi. B.B.IImawnux, I.M.Bopdyn, M.M.Cadosa.
Hocnigkeno BOAUB YJABTPA3BYKOBOTO BUNPOMIHIOBaHHS Yy KaBiTalliiHOMYy peXuMi Ha
eleKTPOXiMiuHi BJIACTHMBOCTI MepeBHOTO aKTMBOBAHOTO ByTijjas. BcTanHoBieHO onTMMaabHUN
PEKUM YIBTPa3BYKOBOI 00pOOKYM aKTUBOBAHOTO BYTIJJIA, MIPH AKOMY MUTOMA €MHICTEL Ccymep-
KOH/JIeHCATOPiB, BUTOTOBJEHNX HA OCHOBiI Takoro ByTrinas, spoctae Big 52 @/r mo 151 D/r.
ITokasano, 110 yJALTPa3BYKOBa O00pOOKa He CIPUUYNHAE 3HAYHUX 3MiH HOPHUCTOI CTPYKTYpPHU
aKTUBOBAHOTO BYTiJNfA, ajle 3MEHIYyEe KiMbKicTh moBepxHeBuUX rpyn. IlpoananiszoBano giarpa-
mu HaliKkBicTa i cCynmepKOHIEHCATOPiB, BUTOTOBJIEHUX AK 3 BUXiMHOTO, TaK i 3 Mogudiko-
BaHoro Byrijaa. ITobymoBaHo eKBiBaJIeHTHI eJeKTPUUHI CXeMU, IO MOJENIOITH Togorpadu
iMnegancy. Haa 1mboro BUKOPUCTAHO MoJedb fe JleBi, moamdikoBany MigKJIIOUeHHAM IIapa-
nenbHoi RgoCgor — namku. llokasaHo, 1O yJALTPA3BYKOBE BHUITPOMIHIOBAHHA /JO3BOJAC He
aunie e)eKTUBHO 3MIiHIOBATU BJACTUBOCTI ITOBepXHi, aje i 3cyBae moJioKeHHs piBHA Pepmi
B €HEPTreTUUHY O0JIaCTh, KA XapaKTepU3yeTbCs MiABUIIEHOI TYCTHUHOI CTAHIB JIEJIOKAajiszo-
BAHUX €JEeKTPOHIB. SMeHIIeHHS KiJTBLKOCTI MOBEpPXHEBUX TPYM i 8MiHA eJleKTpPOHHOI 6yI0BU
AKTUBOBAHOTO BYTJNJAA € IPUUYMHOIO 3POCTAHHA e(EeKTHUBHOCTI HAKONMUYEHHHA 3apAxy y IOJ-

BiTHOMY eJeKTPUUHOMY IIapi Ha MeiKi #oro posainy 3 eJleKTPoJiToM.

1. Introduction

Electrochemical capacitor with an elec-
tric double layer (EDL), or supercapacitor is
a relatively new class of devices for the
accumulation of electrical energy, which ac-
cording to its parameters and functional ca-
pabilities is between the traditional primary
and secondary power sources and electro-
static capacitors. The prefix "super” indi-
cates that these devices have by several or-
ders of magnitude more capacity than usual
capacitors of the same size and higher spe-
cific energy. Compared with traditional ac-
cumulators, supercapacitors have higher
specific power although their specific en-
ergy is less [1]. Such features allow using
supercapacitors at power units of hybrid
transport, in the systems for improving the
quality of electric energy, during combus-
tion engine starting in all — weather condi-
tions, in systems of volatile memory [2—4].

Activated carbon materials are the most
common materials for supercapacitor elec-
trode manufacture with both aqueous and
non-aqueous electrolyte. This is due to the
well-developed porous structure of activated
carbon, its good electrical conductivity, en-
vironmental friendliness and low cost. How-
ever, conventional methods for production
of activated carbon do not provide the elec-
trode material of the right quality. There-
fore, the modification methods of both raw
materials [5, 6] and already obtained carbon
materials [7] are moving up to the first
place in technological processes. Various
acids and heat treatment processes in inert
atmospheres are most commonly used for
carbon modification. Such treatment signifi-
cantly alters, in the first place, the porous
structure and the surface groups. However,
such modification techniques are energy-
consuming and environmentally hazardous.
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Therefore, the reagentless methods of influ-
ence on activated carbon are used as alter-
native ones, among which the leading place
belongs to ultrasonic (US) technologies [7, 8].

Therefore, the aim of the paper was to
study the influence of ultrasonic radiation
during cavitation on the properties of acti-
vated carbon (the porous structure, the con-
tent of surface groups, electronic structure)
and to analyse the work of supercapacitors
made of modified coal by the method of
impedance spectroscopy.

2. Experimental

Activated carbon obtained from the birch
wood by means of water steam activation at
temperature of 800-900°C was used as an
original material. For the experimental
studies the original carbon was crushed me-
chanically, sifted on sifting machine and
the fractions with a particle size of 40—
63 um and 80-90 um were selected. The
sampled carbon fractions with the larger
particles size were placed in reactor of ul-
trasonic unit BAKU 9050 with capacity of
0.5 L and were filled with carbon dioxide-
free distilled water to study the effect of
ultrasound during cavitation. In the reactor
the studied carbon was in the form of 15-
20 wt% of dispersion. The exposure time of
ultrasound was 1-25 min with radiation
power of 30 W. The ultrasonic exposure
frequency was 42 kHz.

The parameters of the porous structure
of activated carbon (specific surface area,
total pore volume, micropore volume, aver-
age pore diameter) were determined by
means of isothermal adsorption/desorption
of mnitrogen at boiling point (T = 77 K)
using the automated analyzer Quantachrome
Autosorb (Nova 2200e). Before measuring,
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Fig. 1. The change of specific capacity of acti-
vated carbon depending on ultrasonic exposure.

the material samples underwent degassing
in vacuum at 453 K for 20 h.

Surface properties of the studied acti-
vated carbon were determined by Boehm ti-
tration method; it is a method of acid-base
titration used to determine the total amount
of oxygen-containing surface groups (acidic
or basic) on carbon surface [9].

To determine the granulometric composi-
tion of the carbon after modification a sift-
ing machine was used, which had 4 sieves
with holes of 90, 80, 63 and 40 um for the
corresponding fractionation. It was estab-
lished that size reduction of activated carb-
on occurs regardless of the duration of ul-
trasonic exposure, where the following pro-
portions being preserved — 35-37 % of the
carbon are not reduced, 6—7 % are fractions
of 63-80 um and less than 40 um in size,
and the remaining is a fraction of 40—
63 um. That was the fraction of both origi-
nal and dried activated carbon after modifi-
cation which was used for the electrode
manufacture for the electric double layer
capacitors. In order to form the electrodes a
PTFE (polytetrafluoroethylene) binding
component was used, with a ratio of acti-
vated carbon to binder as 19:1. The 30 %
aqueous solution of potassium hydroxide
served as electrolyte for the electric double
layer capacitors. Specific capacity was de-
termined on the basis of galvanostatic
charge/discharge measurements of the su-
percapacitors using the formula:

C=rb &)

where I is the current intensity, ¢ is the
discharge time, U is the magnitude of the
voltage drop during the discharge, m is the
mass of a smaller supercapacitor electrode.
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Fig. 2. A model of electrical double layer for
non-metallic electrodes and corresponding
electrical circuit [13].

When it was possible, the electrodes with
the same mass were used.

Impedance studies of activated carbon
were carried out in three-electrode cell with
a silver-chloride reference electrode. The
measurements were carried out in the fre-
quency range of 1073-10% Hz by means of
spectrometer AUTOLAB ECOCHEMIE-100.
The formation of the impedance models was
performed wusing the software package
ZView 2.3.

3. Results and discussion

The dependence of specific capacity of
activated carbon on the time of ultrasonic
exposure during cavitation is shown in Fig. 1.
As shown in Fig. 1, specific capacity of the
material depends on treatment time and
reaches the maximum value of 151 F/g
after 10 min of ultrasonic exposure, which
is almost three times more than the value of
specific capacity of the original material,
which amounts to 52 F/g. The discovered
increase of specific capacity of activated
carbon can be caused by both a change in
the porous structure and a change in the
composition of the surface groups. How-
ever, further increase of the exposure time
reduces specific capacity of activated carb-
on. Such kind of behavior requires further
analysis to determine the causes of specific
capacity changes.

The parameters of the porous structure
of the original activated carbon and acti-
vated carbon after 10-min ultrasonic irra-
diation are shown in Table 1. As shown in
Table 1, the porous structure does not un-
dergo significant changes during ultrasonic
treatment.

Functional materials, 25, 1, 2018
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Table 1. Parameters of the porous structure of activated carbon

Activated carbon Sprrs m2g~1 Viotarr cm3g! V micros cm3g! Mean pore
diameter, nm
Original carbon 799 0.449 0.214 2.63
Modified activated carbon 824 0.431 0.226 2.45
(ultrasound by 10 min)
Table 2. Total number of surface groups of activated carbon
Activated Original After US After US After US After US After US
carbon carbon influence, influence, influence, influence, influence,
1 min 3 min 10 min 15 min 20 min
Surface 1.36 1.26 1.2 1.12 1.14 1.13
groups,
mmol/g
It is known [10] that ultrasound expo- 6—0.:_— T so
sure on aquatic environment is accompanied ]
by the appearance of products of sonochemi- {200
cal reactions, where the formation of free
radicals and hydrogen peroxide causes oxi- c 40r 1150 £
dizing effect on the modified surface. o} o}
Therefore, the composition of the chemical i 1100 &)
surface groups of activated carbon, espe- 20+
cially oxygen-containing, is changing. The 150
composition of these groups determines not
only the hydrophilic properties of the sur-

face, but also affects specific capacity and
internal resistance of activated carbon when
it is used as the active material for the
supercapacitor electrodes [11, 12]. The stud-
ies [8] demonstrate that the total amount of
surface groups decreases during 10-min ul-
trasound exposure. The measurements of
the total number of surface groups for the
more prolonged ultrasonic exposure on acti-
vated carbon have shown that specific ca-
pacity and internal resistance attain satura-
tion (Table 2). Thus, the change of the sur-
face properties can not provide such effect
on specific electrical capacity of activated
carbon after ultrasonic exposure. Therefore,
to determine other causes that can have ef-
fect on the capacitive characteristies of the
supercapacitor, it is necessary to analyze
the peculiarities of EDL at the boundary of
electrolyte and nonmetallic solid phase of an
electrode (Fig. 2).

As shown in Fig. 2, high capacitive char-
acteristics of the supercapacitor during its
work give the optimal combination of the
porous structure with appropriate electronic
structure. The latter must provide unblock-
ing of Helmholtz capacitance Cp with the
capacity of space charge region in a solid
Cgc- These two capacities determine the
total capacity of the electric double layer
since the Gouy-Chapman capacity Cg; in the
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Fig. 3. A typical Nyquist plot (a) for original
(-0-) and modified (-O-) activated carbon and
the equivalent electrical scheme (b), which
models the relevant impedance hodographs.

electrolyte is much higher than capacity of
the dense part of the EDL — the Helmholtz
layer. Taking this fact into account, accord-
ing to the scheme in Fig. 2, the total capac-
ity of the EDL can be determined according
to the formula:

_Cu-Csc
Cy +Cgo’

(2)

The unblocking of the capacity Cg con-
tributes to increasing the capacity Cgc,
which is associated with density of elec-
tronic states at the Fermi level [14]:

Cgc = eNegygD(F), (3)
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Table 3. The results of parametric identification of the elements of the equivalent electric circuit

Material

R1, Ohm

Y R G#1),
i>1

Ohm

¥ C,F
i

Cgcr F

Rgc, Ohm

Original activated carbon

4.36

534.61

0.83

0.48

2.29

2.52

938.55

8.46

1.24

1.65

Modified activated carbon
(ultrasound 10 min)

where e is elementary charge, ¢ is dielectric
permittivity, €y is electric constant, D(F) is
density of electronic states at the Fermi
level.

The problem of unblocking is practically
non-existent for metal electrodes however,
it is important for carbon electrodes. This is
due to the fact that the Debye length in
carbon materials is large enough.

Therefore, during the production of acti-
vated carbon, which would be used as mate-
rial for supercapacitor electrodes, it is nec-
essary to provide conditions for the increase
of states density of delocalized charge carri-
ers at the Fermi level. In this case capacity
Cy would be unblocked to the maximum by
the limiting effect of the capacity of the
depletion region of a space charge of acti-
vated carbon according to the equations (2)
and (3). Specifically supplying the great
value of Cgr in many cases becomes deter-
minative in comparison with obtaining the
large surface area not only from the per-
spective of capacitive characteristics of acti-
vated carbon, but also its powered parame-
ters [15]. The value of Cgo can be estab-
lished by means of modeling the impedance
dependences.

Figure 3a shows a typical Nyquist plot
for both original activated carbon and irra-
diated by ultrasound. The absence of a semi-
circle in high-frequency range indicates that
the pseudo-capacity input to the total capac-
ity is negligibly small. This demonstrates
good reversibility of charge-discharge proc-
esses of the supercapacitor with electrodes
based on activated carbon under examination.

As far as the Nyquist plots are similar,
it means that they will differ by the value
of the relevant components of the EDL ca-
pacities. This allows to use a modified by
parallel RgoCgco — link of chain during de
Levi impedance hodograph construction
[16], as it is shown in Fig. 3b.

The results of computer parametric iden-
tification for the bias U =0 V for two su-
percapacitors with electrodes which have
equivalent mass are shown in Table 3. A
significant increase of specific capacity of
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Fig. 4. Dependences of specific value Cg, on
the constant bias voltage value for original
activated carbon (I) and activated carbon
after a 10-min ultrasonic exposure (2).

the Helmholtz layer Z C;, as well as nearly
i

a twofold decrease in material resistance R1

by the increasing concentration of free

charge carriers and capacity increase in the

space charge region is shown.

Applying the constant bias voltage when
measuring impedance dependences will
cause the value change of Cg.. Fig. 4 shows
the dependence of specific value Cgr on the
magnitude of the applied constant bias volt-
age. Minimum of capacity value of the
space charge region Cg. for original carbon
is at U = —0.4 V, and for treated carbon is
at U =-0.2 V.

Therefore, the minimum in volt-farad de-
pendences during ultrasonic exposure is
shifting to the positive region. It defines a
chemical potential up of each material in
the electrolyte [14]:

Ug = F - eQg,
where F is corresponding position of the
Fermi level, ¢g is potential value, that corre-
sponds to the minimum of C(U) dependence.

Since the electrolyte remains unchanged,
then

ME]. = MEZ' (5)

Functional materials, 25, 1, 2018
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Hereof, the shift of the Fermi level can
be estimate as:

Fy—Fy =e(9gz — 9s1); (6)
Fy - Fy = ¢(~0.2 - (~0.4)) = 6.2 ¢V,

where the indices 1 and 2 indicate original
and modified activated carbon, respectively.

So then, we receive a positive value of
the minimum shift on C(U) dependence and
a significant increase of the capacity Cgo
after ultrasonic irradiation of activated
carbon (Fig. 4). It may be concluded that
ultrasound leads to the shift of the Fermi
level at 0.2 eV in to energy region with
higher density of electronic states, which de-
termines the capacity value of space charge
region Cgc according to the formula (3). The
consequence of this process will be both in-
crease of specific capacity of the material and
decrease of its internal resistance.

4. Conclusions

Thus, based on the conducted studies the
following conclusions can be drawn:

The studied influence of ultrasonic irra-
diation in cavitation regimes on carbon ma-
terials using the sample of wood activated
carbon has shown an increase in specific
capacity of supercapacitors from 52 F/g for
original carbon to 151 F/g for the carbon,
treated with ultrasound in optimal regime.

The change of the porous structure and
the composition of surface groups have been
considered among possible reasons for the
capacity increase. It was found that ultra-
sonic treatment does not cause significant
changes of the porous structure of carbon
material, and the total amount of surface
groups in the course of treatment gradually
decreases and attains the saturation, result-
ing in increased hydrophilic properties of
carbon, and, consequently, in better adsorp-
tion of the aqueous electrolyte by the super-
capacitor electrodes. However, it is impossi-
ble to explain the change of specific capac-
ity of carbon for this reason alone, because
the value of content of surface groups does
not correlate with specific capacity value
after treatment time.

The analysis of volt-farad dependences,
obtained on the basis of the Nyquist plot
modeling, has shown that the shift of the
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Fermi level to the energy region, which is
characterized by high density of delocalized
electrons states occurs as a result of ultra-
sonic exposure. This is the reason for un-
blocking of the Helmholtz layer capacity
due to the increase in the capacity of the
space charge region layer in carbon mate-
rial. Such redistribution of the values of
capacitiy of which form the electrical dou-
ble layer, after ultrasonic exposure im-
proves the supercapacitors properties,
namely increases their specific capacity.
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