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This study shows that ‘Norit DLC Supra 30’ commercial activated carbon
material (NS commercial ACM) provides high-performance electrode for
electrochemical energy sources (EES) in 25% Znl, aqueous electrolyte.
This is shown on the basis of the analysis of the desorption isotherms of
iodine, the dependences of the specific discharge capacity (C,) on current
load, and the Ragone plot drawn using galvanostatic charge—discharge
(GCD) dependences at a current density (i) range of 0.5—9 A-g™'. High val-
ues of fractional surface coverage (0), from 0.73 to 0.87, determine large
values of specific energy (W), from 1240 J.g! to 1096 J-g !, at the values
of specific power (P) range from 0.6 to 8 W.g'. NS commercial ACM
shows high values of specific energy (W =1217 J.g'1), specific capacitance
(C,=1156 C-g'), Coulomb efficiency (n =88%), and specific power (P =4.3
W-g™!) in the 2000™ cycle.

e mochimkeHHA MMOKa3ye, IO KOMEPI[INHUN aKTUBOBAHUI BYTJIEIeBUU Ma-
repign "Norit DLC Supra 30" 3afesmeuye eJeKTPOAY 3 BHUCOKMMHU IIOKa3-
HUKaAMHU [JIs eJeKTPOXEMIiUuHMX eHepreTUYHuX mKepea y 25% -BogHomy
enexTpouiTi Znl,. Ile mokasaHo Ha OCHOBiI aHani3m idoTepMm mecopbIrii ¥oxy,
3aJIe;KHOCTEN IMUTOMOI PO3PAAHOI €MHOCTU BiJ CTPYyMOBOIO HaBaHTaKeHHH,
a Tako:x ParomoBoro rpagika, HapuCOBAaHOTO 3 BUKOPHCTAHHAM I'aJIbBAHOC-
TaTUYHUX 3apPAI—PO3PAN-3aJIEKHOCTEeN TPU AiAMa30Hi TYCTUHU eJeKTPUU-
Horo crpymy 0,5-9 A/r. Bucoki sHaueHHS CTyIeHs IIOBEPXHEBOT'O ITOKPHUT-
T Bix 0,73 mo 0,87 BuM3HAUAIOTh BeIHKi 3HaUYeHHA IIUTOMOI eHeprii Bin
1240 I:x/r mo 1096 [[»x/T mpuW 3HaUEHHAX AiAMNA30HY IMUTOMOI MOTYKHOCTHU
Bimx 0,6 mo 8 Br/r. KowmepuiliHuii aKTHBOBAHWIN BYTJIEIEBUHM MaTepisaa
"Norit DLC Supra 30" meMOHCTPY€ BHCOKi 3HaueHHs muToMoi eHeprii (1217
Ik /r), muromoi emuoctu (1156 K/r), Kymnouosoi edextusHoctu (88%), a
TaKoXK muTomoi morys:xkHoctH (4,3 Br/r) y 2000-y muki.

ITo MccesoBaHMe MOKA3BIBAET, UTO KOMMEPUYECKU aKTUBUPOBAHHBIN yIJIe-
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ponubrii matepuan «Norit DLC Supra 30» obGecmmeumBaeT 3JIEKTPOJ C BBICO-
KMMU TOKAa3aTeaAMU OJA JeKTPOXUMUUYECKUX DHHEPreTUUYECKUX MCTOUHU-
KoB B 25% -BomHOM 3JeKTposuTe Znl,. OTO mOKasaHO Ha OCHOBe aHaIM3a
M30TepM JecopOIiuu iiofa, 3aBUCUMOCTeH yAeJbHOUN paspsamHoil éMKOCTH OT
TOKOBOM HarpyskH, a TaKsKe ParoHOBCKOro rpadguka, HapuCOBAHHOIO C HC-
MIOJIb30BAHMEM TajibBAHOCTATUUYECKUX 3apAA—Paspsal-3aBUCHMOCTENl IIpu
IualasoHe IJOTHOCTU djaeKTpudueckoro toxka 0,5—9 A/r. Beicokue 3HaueHUA
CTeleHNt IMOBEPXHOCTHOTO MOKPEITUS oT 0,73 mo 0,87 ompemensaioT OOJbIe
3HaueHUA ynaeabHoU sHepruu ot 1240 I:x/r mo 1096 I:x/r mpu 3HaAUEHUAX
ImatnasoHa yaeabHoIt moiraoctu oT 0,6 mo 8 Br/r. KomMmepueckuii aKTuUBU-
poBauubIii yriaeponHblii mMatepuan «Norit DLC Supra 30» memomcTpupyert
BBICOKVE B3HaueHUsA yaenabHoIt sHeprum (1217 Ik/r), yAeIbHOH EMKOCTU
(1156 K/r), kymnoHoBckoil addertuBHocTu (88%), a TakyKe ymeabHOM MOIII-
Hoctu (4,3 Br/r) B 2000-M mukKe.

Key words: Ragone plot, capacity, cycling life.
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1. INTRODUCTION

Due to environmental friendliness, low cost, high corrosion re-
sistance, good electrical conductivity, and a highly porous struc-
ture, activated carbon materials remain the most attractive and ac-
cessible materials for electric double layer capacitors [1-4]. Along-
side with oxides and nitrides of metals, conductive polymers, ACM
are used for electrosorption of hydrogen and iodine in asymmetric
systems of electrochemical supercapacitors and as positive electrode
in lithium-ion capacitors (LICs) [3, 5—8]. For example, the imple-
mentation of the process of electrosorption of iodine of ACM [17],

C'+I-e=C1, 1)

where C* is the surface of the carbon material, with fractional sur-
face coverage 0 of the surface of ACM by I (0<6<1) and the elec-
trode potential E, in the system of the prototype of electrochemical
energy sources (EES) in charged state

7| 25% Znl,| C'1, (2)

enables to increase the specific capacitance Cp of ACM to 7376 F.g*
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at an average discharge voltage of 1.14 V under galvanostatic con-
ditions of the discharge with a current density i equal to 2.0 A-g*
[17] corresponding to the current-generating process [17]:

C'T+0.5Zn=C"+T +0.5Zn*. (3)

In this work, the theoretical data of electrosorption of iodine were
determined with the use of Langmuir model and the formula [18]:

Cp=(¢:F)RT) {011 - )}, (4)

which indicates the maximum of the pseudocapacitance at 0=10.5,
and the electrode potential of the maximum is considered as equi-
librium electrode potential E°. In an asymmetric design, Zn|C'I, C'I
electrode is polarisable with the capacitance Cp, and the Zn (non-
polarisable) electrode is chosen so that it has a much higher capaci-
tance (Cz,). In this configuration, where C,, >> Cp, it follows from
formula 1/C;=1/Cy +1/C,, that the device capacitance C; becomes
Cp. At the same time, as shown in [17], the polarization of Zn-
electrode in an HC system is close to zero, and therefore, the gal-
vanostatic cycle of the whole system of EES represents the polariza-
tion AU = AE of NS commercial ACM electrode. In the paper [17], a
comparison of the practical and theoretical values of C and W was
done; the reversibility of the process of iodine electrosorption ena-
bles us to describe the process by means of Langmuir isotherm with
weak influence of the interaction of atoms in the adsorption layer.

The aim of this work is to study the influences of kinetic condi-
tions on W, C, and cycling life of the process of iodine electrosorp-
tion of NS commercial ACM in the EES system.

2. EXPERIMENT

The ‘Norit DLC Supra 30’ commercial ACM, Znl, (= 98%, Aldrich),
and Zn foil (99.999%, Aldrich) were used for our experiments. The
NS commercial ACM was microporous activated carbon with highly
developed surface area (BET =1900 m%g™). It was completely de-
scribed in Ref. [17]. It was produced from natural raw materials
[18]. All the chemicals were of analytical grade, and they were used
without further purification.

For investigations, there were used film-like electrodes of active
mass (m,) 2—3 mg (S was from 0.18 cm? to 0.21 cm?) with the added
binder of 5-10 wt.% of Teflon and 10—20 wt.% of acetylene carbon
black or graphite for increase in their electric conductance. The
electrodes had been assembled by pressing them to a net of stainless
steel. As the electrolyte, 25% Znl, aqueous solution was used.
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Electrochemical measurements have been carried out with the use
of an AUTOLAB PGSTAT 30 measuring complex made in the Neth-
erlands by ‘ECO CHEMIE’. Galvanostatic charge—discharge (GCD)
investigations of the prototype of an HC in the system (2) were car-
ried out with the use of measuring two-electrode glass cell with a
Zn anode (2 cm?). Theoretical and experimental of adsorption iso-
therms are presented in the form of the relation for the electrode
polarization AE = E — E°. Experimental values of Cp, were determined
with the use of discharge voltage steps of dU=0.01 V and corre-
sponding to them differentials d6; according to the following known
formula [19]:

Cp=q(db,/dU). (5)

Here, q; is the maximal value of NS commercial ACM specific sur-
face charge with iodine atoms (05, = 0.99).

C, W, P, 06;, n of GCD were determined according to the following
known formulas:

Cc= Ictc/ma (a)7 Cd: Idtd/ma (b)7 eIZCd/C'Br,max (C); (7)
W = I(m,) 't,Jt2U(t)dt (a), P = W/t, (b), n=C,/C.,100% (c). (8)

Here, C,., C, are the specific capacities of charge or discharge re-
spectively; I,, I. are the currents of charge and discharge, respec-
tively; t., t, are the times of charge and discharge, respectively; #,,
t, are the times of start and finish of discharge, respectively;
Cimax=1444 C.g' is the maximal value of specific gravimetric
charge of NS commercial ACM with iodine atoms (6=0.99) [17];
Ugmax is the maximal value of the discharge voltage; U, ,;, is the
minimal value of the discharge voltage; AU =U, 4o — Ucgmin denotes
the charge—discharge voltage range; m, is the mass of NS commer-
cial ACM.

3. RESULTS AND DISCUSSION

Galvanostatic cycles (GCs) of NS commercial ACM in the HC system
under the conditions of i,=i, (i, and i, are from 0.5 to 9 A-.g™!) are
presented in Fig. 1, a, b, c.

The plateau in GC is caused by the processes of pseudocapacitive
charge or discharge. For example, the GC presented in Fig. 1, a un-
der the conditions of i,=i, (i, and i, are equal to 0.5 A-g™!) has a
plateau of pseudocapacitive charge within the voltage range 1.14-
1.25 V (curve 1) and a plateau of pseudocapacitive discharge within
1.11-1.22 V (curve 1). On the plateau segment 1.11-1.22 V of the
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Fig. 1. GCs of NS commercial ACM in the EES system: (a¢) GCD at
i,=i;=0.5 A-g! (curve 1) and dependence of the specific capacitance on
the discharge time (curve 2); (b) GCDs at i,=i;=1 A-g* (1), at i,=i;=2
A-g’'(2) and GCDs (inset) at i,=i,=6 A-g! (1), and i,=i,=9 A-g! (2); (¢)
GCD (I—first cycle; 2—2000%" cycle).

discharge curve, high values of C,, 6;, Cp 4, and n were obtained us-
ing formulas (5b), (5¢), (6b), (7c); they are equal to 1054 C-g*,
0.73, and 85%, respectively.

According to galvanostatic discharge (GD), using the formula
(6d), the dependence of Cp, on discharge time (Fig. 1, a, curve 2)
was drawn. It has a maximum of Cp,=9.78 F-m ™ at the voltage U°.
This voltage is the voltage of maximum of Cp, and equals to 1.176
V corresponding to the C,, which is equal to 644 C-g (6,=0.46).
The polarization of Zn-electrode in an HS system is close to zero,
and therefore, the galvanostatic cycle of the whole system repre-
sents the AE of NS commercial ACM electrode. The polarization of
carbon electrode AE = E — E°, according to GD, can be determined by
the formula AE =U —U°. The obtained value of the discharge C;,
exceeds the maximal theoretical value of Cp,=7.4 F-m™®, which was
calculated in [17]. The increase of Cp,to 9.78 F-m? is caused by the
parameter of interatomic interaction (g# 0) in the adsorption layer
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and by the fact that 6; # 0.99 according to the known formula [19]:
Cp=q:F(RT)'0(1 - 0){1 + g6(1 - 0)} 7, (8)

where ¢;=0.76 C-m™? is the maximal value of NS commercial ACM
specific surface charge with iodine atoms (6 =0.99) [17]. Substitut-
ing the experimental values Cp,=9.78 F-m™? and 0;=0.46 into the
formula (8), the practical value of g=-1 was calculated. The exper-
imental desorption isotherms (EDI) of iodine as well as the theoreti-
cal adsorption isotherm (TAI) of iodine (g=0) [17] were drawn ac-
cording to GD at the 0.5—-9 A-g'. They are presented in Fig. 2, a.
Discrepancies between the experimental theoretical isotherms can be
accounted for by the influences of g# 0 and 6; = 0.99. The Frumkin-
type isotherm with a parameter g, according to [19], can be repre-
sented by the relation

E - E°= (RT/F)In6/(1 - 0) + (RT/F)g6. 9)

As seen from Figure 2, a, the increase of 6 from 0.73 to 0.87 and
that of AE from 0.11 V to 0.21 V is caused by the increase in i,
from 0.5 to 9 A-g'. The corresponding experimental and theoretical
(g =0) dependences of Cp, on 0 for desorption process, which were
drawn according to equation (8), are presented in Fig. 2, b. As can
be seen from Fig. 2, b, the maximum values of the Cp, decreases
from 9.8 to 6.3 F-m™? with increase in i, from 0.5 to 9 A-g*. The
values of g, which were determined using the relation (8), also in-
crease from —0.98 to 0.61 with the increase in i, (Fig. 2, b). Com-
parison of experimental desorption isotherm (EDI) for i,=9 A.g'
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Fig. 2. NS commercial ACM in the EES system: (a) TAI (g=0) and EDIs at
i, is equal 0.5—9 A.g'; (b) dependences of the specific capacitance on the
fractional surface coverage.
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with theoretical adsorption isotherm (TAI) at g=0.61 and further
comparison of the latter with TAI at g=0 is shown in Fig. 2, ¢. In
Figure 2, ¢, coincidence of the experimental and theoretical
(2 =0.61) isotherms in the range of 6 from 0.1 to 0.6 and the dis-
crepancy between them in other ranges is easily seen; small differ-
ences between TAI at g=0.61 and TAI at g=0 can be also seen in
the figure. General shape of the GD (Fig. 1, a, b, ¢) in the narrow
segment of voltage (AE =0.11-0.21 V) can be attributed to the pro-
cess of iodine electrosorption that corresponds to the Frumkin-type
adsorption with the small value of interatomic interaction in ad-
sorption layer. Specific energy and specific power are two key fac-
tors for evaluating the power applications of EES systems. Using
GD data (Fig. 1, a, b, ¢) with high value of i (which increases from
0.5 to 9 A-g!) and formulas (7a), (7b), and (6b), dependences of W
on P (Ragone plot) and of C, on P for NS commercial ACM in the
EES system were drawn (Fig. 3, curves 1, 2).

They show high values of P, C;, and W. The increase of P from
0.6 to 8 W-g! leads to increase in C, from 1060 C-g™* to 1239 C-.g™*
and to a slight decrease in W from 1240 J-g* to 1096 J-g' (Fig. 3,
curves 1, 2). High values of C, W, and P can be accounted for by
peculiarities of the process of iodine electrosorption on the surface
of NS commercial ACM. This process provides the great values of
06=0.73-0.87 at the small values of AU=0.11-0.21 V. An im-
portant requirement for EES applications is cycling efficiency or
cyclic life. The investigation of cycling efficiency and cycle life for
NS commercial ACM electrode in the EES system was based on the
data analysis of 2000 GCDs with i equal to 4 A-g" (Fig. 1, ¢). The
GCD (i=4 A-g') presented in Fig. 1, ¢ was recorded in the range

1243 -
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0936

169 075 0.50 0.25 2.00
Coverage

Fig. 3. Dependences of the specific energy on the specific power (curve I)
and of the specific capacity on the specific power (curve 2) of NS commer-
cial ACM in the EES system.
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1.0-1.38 V for the first cycle and 1.0-1.4 V for the 2000™ cycle.
Comparison of the 1 and the 2000™ cycles shows a decrease in m
from 91% in the first cycle to 88% in 2000 cycle, while in the
2000" cycle Cp 4 slightly decreases to 1148 C-g™!, and W increases to
1264 J-g! as compared with the 1 cycle 1196 C-g*' and 1227 J-g',
respectively, at P=4.3 W-g*. The good cycling performance is en-
sured here by the optimal surface morphologies of NS commercial
ACM and the optimal EES design, which are of huge benefit to fac-
ile electrochemical reactions during the long-term cycling.
Theoretical discharge curve was plotted with the use of the
measured value of electromotive force of the galvanic couple (11)
(EMF =1.23 V for 6=0.87) and AE,.,=0.22 V (Fig. 4, curve I).
Theoretical specific energy (Wi,...) and the experimental one W were
calculated with the use of data of Fig. 5 and the use of formula
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Fig. 4. Theoretical discharge curve (g =0.5) (curve 1) and experimental GD
(2) at 2 A-g.
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Fig. 5. The specific capacity and Coulombic efficiency as a function of cy-
cle number at a constant current density of 4 A-g.
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TABLE. Values of g and W,,.

i, Ag' | 0.5 1.0 2.0 0 4.0 6.0 9.0
G ~1.0 -0.98  -0.65 0 0.14 059  0.61
Woeor g1 | 1588 1589 1584 1572 1569 1561 1561
w,Jdg! | 1240 1239 1253 — 1227 1166 1096

(10a). They are of the values of 1584 J-g ' and 1253 J-g!, respec-
tively. The obtained experimental value of W is equal to 77% of the
theoretical value of Wy,.,. Values of W, which were obtained at
other i,, are presented in Table.

The experimentally obtained value W=1264 J.g' at P=4.3 W-g*
obta}ined in 2000™ cycle of GCD is 80% of the value of W, = 1584
J-g.

4. CONCLUSION

Ragone plot for NS commercial ACM in the HC system shows high
values of W, C,and P. The increase in P from 0.6 W-g'! to 8 W.g*
leads to the slight decrease in W from 1198 J-g* to 1090 J-g* and
to the increase in C, from 1054 C.g* (6=0.73) to 1256 C-g '(0.87)
and 70-78% discharge of the values W,,,,.. In the 2000 cycle, the
high values of W, C,, P, and n are 1217 J-.g ', 1148 C-g™!, 4.3 W-g!,
88%, respectively. These high-value characteristics of NS commer-
cial ACM in EES system are due to the high availability of the sur-
face to iodine (6=0.73-0.87) as well as due to small positive and
negative values of g from —0.98 to 0.61 of the Frumkin process of
iodine electrosorption. All of these ones give us the reason to con-
sider the investigated activated material in iodide electrolytes as a
prospective electrode for EES construction.
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