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Abstract A family of coefficients for quantitative assess-
ment of hysteresis in cyclic voltammetric (CV) curves of
electrochemical capacitors and of electrodes for electro-
chemical capacitors has been defined. Hysteresis index 1
(HI1) is based on the maximum in the difference in current
measured at the same potential in ascending and descend-
ing branch of CV curve, and HI2 is based on the average
difference in current measured at the same potential in as-
cending and descending branch of CV curve. The values of
HI1 and HI2 range from 0 (no hysteresis) to 1 for an ideal
capacitor. CV curves of two commercially available electro-
chemical capacitors over a potential range 0–1500 mV at
scan rate of 5 mV/s showed HI1 of 0.94 and 0.97 and HI2 of
0.77 and 0.83, respectively. At the same experimental condi-
tions, a series of 52 home made electrochemical capacitors
showed HI1 up to 0.7 and HI2 up to 0.55. HI1 and HI2 mea-
sured at constant scan rate (5, 20 or 50 mV/s) in that series
of capacitors showed a correlation coefficient >0.98 while
HI1 and HI2 measured at different scan rates showed limited
correlation. 98 CV curves of electrochemical capacitors and
of electrodes for electrochemical capacitors from literature,
obtained at various conditions show HI1 from 0.42 to 1, HI2
from 0.27 to 0.97, and a correlation coefficient of 0.90 be-
tween HI1 and HI2.
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1 Introduction

Cyclic voltammetry (CV) is used to assess the quality
of electrochemical capacitors (built of two similar high-
surface-area electrodes) (Arulepp et al. 2004; Fang and
Binder 2006a, 2006b, 2007; Frackowiak and Beguin 2001;
Frackowiak et al. 2002; Gryglewicz et al. 2005; Gu et al.
2000; Hahn et al. 2004; Janes et al. 2007; Jurewicz et al.
2004; Kierzek et al. 2004; C. Kim et al. 2004; Lewandowski
et al. 2001, 2003; Lewandowski and Krzyzanowski 2003;
Lewandowski and Olejniczak 2007; Lewandowski and
Swiderska 2003; Lust et al. 2004a, 2004b; Michael and
Prabaharan 2004; Ryu et al. 2007; Sun et al. 2006; Tripathi
et al. 2006; Vix-Guterl et al. 2004, 2005) and of electrodes
for electrochemical capacitors (high-surface-area electrode
and low-surface-area counter electrode, usually Pt) (Bal-
ducci et al. 2004; Barbieri et al. 2005; Chang and Hu 2006;
Conway 1991; Dong et al. 2006; Eliad et al. 2001; Fis-
cher et al. 2007; Gupta and Miura 2006; Hu et al. 2007a,
2007b, 2007c; Huang et al. 2007; Hulicova et al. 2005,
2006; Jang et al. 2006; Jung et al. 2004; Karandikar et
al. 2007; Kim and Mitani 2006; K.M. Kim et al. 2004;
Kim et al. 2006; Lee and Pyun 2006; Lee et al. 2004; Lee et
al. 2007; Leitner et al. 2006; Li et al. 2006; Li et al. 2007;
Liu et al. 2006; Miller and Dunn 1999; Mitani et al. 2006;
Morishita et al. 2007; Nam et al. 2007; Nanbu et al. 2006;
Okajima et al. 2005a, 2005b; Pollak et al. 2007; Prasad et
al. 2004; Sugimoto et al. 2005, 2006; Tashima et al. 2007;
Toyoda et al. 2004; Wan et al. 2007; Wang and Xia 2005;
Wang et al. 2006; Wen et al. 2006; Xing et al. 2006;
Xu et al. 2007; Yamada et al. 2007; Yang et al. 2005;
Zhou et al. 2007; Zhu et al. 2006; Zolfaghari et al. 2007).
Figures 1a–1c presents voltammetric curves for ideal ca-
pacitor (a), for ideal resistor (b), and a typical curve for
actual (nonideal) electrochemical capacitor (c). Usually

mailto:mkosmuls@hektor.umcs.lublin.pl


Adsorption (2009) 15: 172–180 173

Fig. 1a CV curve of ideal capacitor

Fig. 1b CV curve of ideal resistor

Fig. 1c CV curve of typical electrochemical capacitor

the current is plotted as a function of voltage. In several
publications, the quantities other than current, e.g., cur-
rent per unit of mass (Chang and Hu 2006; Fischer et al.
2007; Hu et al. 2007a, 2007b, 2007c; Huang et al. 2007;
Kim and Mitani 2006; Kim et al. 2006; Lee et al. 2007;
Li et al. 2006; Mitani et al. 2006; Nanbu et al. 2006; Okajima
et al. 2005a, 2005b; Prasad et al. 2004; Sugimoto et al. 2005;
Toyoda et al. 2004; Wen et al. 2006; Xing et al. 2006),
current per unit of surface area (Chang and Hu 2006;
Karandikar et al. 2007; Lee and Pyun 2006; Yang et al. 2005;
Zhu et al. 2006; Nam et al. 2007) or capacitance per unit
of mass (Barbieri et al. 2005; Frackowiak et al. 2002;
Gryglewicz et al. 2005; Jurewicz et al. 2004; Lee et al. 2004;
Leitner et al. 2006; Liu et al. 2006; Okajima et al. 2005a,
2005b; Pollak et al. 2007; Sugimoto et al. 2006) are plotted
as a function of voltage. These quantities are obtained by
multiplication of the current by a constant number, and as
we show later, the method proposed in the present study ap-
plies for all these types of plots. We examined 77 recent pa-
pers from over 30 laboratories, in which electrochemical ca-
pacitors and electrodes for electrochemical capacitors were
studied by CV. In those papers the assessment of CV curves
was limited to qualitative statements. Several voltammo-
grams were described as “box-like” (Gryglewicz et al. 2005;
Jurewicz et al. 2004; Morishita et al. 2007; Xu et al. 2007),
rectangular (Hu et al. 2007a, 2007b, 2007c; Lee and Pyun
2006; Lee et al. 2004; Lee et al. 2007; Li et al. 2007; Nam et
al. 2007; Okajima et al. 2005a, 2005b; Sugimoto et al. 2006;
Yang et al. 2005; Zolfaghari et al. 2007), “nearly rectan-
gular” (Conway 1991; Fischer et al. 2007; Huang et al.
2007; C. Kim et al. 2004; Li et al. 2006; Liu et al. 2006;
Prasad et al. 2004; Toyoda et al. 2004; Zhu et al. 2006;
Xing et al. 2006), etc. (more examples are given in Ta-
ble 4), while in several other voltammograms, deviations
from rectangular shape were pointed (Lee and Pyun 2006;
Mitani et al. 2006; Okajima et al. 2005a, 2005b; Pollak et
al. 2007). Those subjective statements are of limited signif-
icance, and similar shape is assessed as nearly rectangular
by one author and as substantially different from rectangular
by another author. A few authors (Fang and Binder 2006a,
2006b, 2007) used terms like “more rectangular” or “most
rectangular” to compare different CV curves presented in
one publication. In the present paper we developed a versa-
tile and objective method to quantify the deviations of CV
curves of capacitors from ideal shape. Hysteresis indices
have been widely used in different fields, e.g., in adsorption-
desorption studies (Sander et al. 2005). To our best knowl-
edge hysteresis indices have not been used in assessment of
CV curves. It should be emphasized that the hysteresis in
CV curves (or more generally in force-flow curves) does not
represent deviations from equilibrium state as it is the case
for the hysteresis in adsorption-desorption curves.
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Hysteresis indices introduced in the present study are not
aimed at explanation of the nature of physical and elec-
trochemical phenomena responsible for deviations of CV
curves from rectangular shape. Deviations of CV curves
of actual capacitors from rectangular shape are chiefly due
to their electric resistance and to redox processes (Frack-
owiak and Beguin 2001), and the shape of CV curves has
been widely used as a source of information about these
processes. The present study is focused on development of
quantitative method of assessment of the deviations of shape
of CV curves from rectangular, rather than on physical inter-
pretation of these deviations.

2 Definition of hysteresis indices

Let us consider a CV curve shown schematically in Fig. 1c.
The potential range is from Umin to Umax and the current
ranges from Imin to Imax. Often, but not always Imin corre-
sponds to Umin and Imax corresponds to Umax. The CV curve
is presented as a continuous curve but in fact it consists of
finite number of data points measured at discrete U values.
For each discrete U value, �I is defined as I> − I< where
I> is the current on the increasing branch and I< is the cur-
rent on the decreasing branch at the same U , and

�Irel = �I/(Imax − Imin) (1)

�Irel is a dimensionless number, and the same value of �Irel

is obtained when current in �I , Imin and Imax in (1) is re-
placed by current per unit of mass, current per unit of sur-
face area, capacitance per unit of mass or by any other quan-
tity obtained by multiplication of current by a constant num-
ber.

The hysteresis indices are defined as

HI1 = maximum in �Irel(Umin · · ·Umax), (2)

HI2 = average of �Irel(Umin · · ·Umax) (3)

If the data points in the increasing and decreasing branch
were measured at the same values of U , �I can be ob-
tained directly from data points. Otherwise interpolation
can be used to obtain I> and I< for certain values of U .
With a smooth CV curve without maximums and minimums
(caused by redox processes), HI1 is rather insensitive to the
number and distribution of data points taken into considera-
tion. HI2 is more sensitive to the number and distribution of
data points than HI1. For example with limited number of
data points evenly distributed between Umin and Umax, the
narrow ends of the CV curve are overrepresented and HI2 is
underestimated. Obviously HI1 and HI2 are both equal to 0
for an ideal resistor (Fig. 1b) and to 1 for an ideal capacitor
(Fig. 1a), and HI1 ≥ HI2 for any capacitor. Since value of

maximum difference between Imin and Imax is in denomi-
nator of indices, theirs values are never more than 1. Good
electrodes and good capacitors have high HI1 and HI2 (close
to 1), and poor electrodes and poor capacitors have low HI1
and HI2 (close to 0).

3 Experimental

The properties of HI1 and HI2 hysteresis indices have been
tested against actual capacitors. PC5 and PC10 are commer-
cial electrochemical capacitors from Maxwell. A series of
52 home made coin-type capacitors has been also studied.
Namely, two co-axial, identical, coin-sized and coin-shaped,
porous electrodes were separated by a thin layer of a porous
insulating material, pressed together, and the pores were sat-
urated with the electrolyte. The electrodes of these capaci-
tors were made by deposition of carbon in pores of porous
ceramic monoliths by different methods, from different car-
bon precursors. Ceramic monoliths were obtained from 3
types of alumina, silica, titania and Y-stabilized zirconia.
Dichloromethane, cyclohexene and glucose were used as
precursors of carbon deposits. Another series of compos-
ites was obtained by carbonization of 1-decanol and phenol-
formaldehyde resin Nowolak-L. Impregnated ceramic ma-
trix was heated at 500 °C for 2 hours for 1-decanol and 6
hours for Nowolak-L. Then samples was heated to 800 °C
for 3 hours in hydrogen. Ceramic monolith was used as
a separator, and low temperature ionic liquids (1-alkyl-3-
methylimidazolium trifluoromethylsulfonates, tetrafluorob-
orates, and hexafluorophosphates) were used as electrolytes.
Details of preparation of electrodes from dichloromethane,
cyclohexane, glucose and of the experimental setup are re-
ported elsewhere (Kosmulski et al. 2007). The series of
52 capacitors used to test the properties of HI includes
many unsuccessful attempts to make an electrochemical ca-
pacitor. Such unsuccessful attempts are seldom published.
M16 electrochemical analyzer (MTM-ANKO, Poland) was
used. The CV curves in potentiodynamic conditions in two-
electrode system were obtained over the potential range 0 to
+1500 mV for all 52 capacitors and over the potential range
−1500 mV to +1500 mV for 23 selected capacitors (with 1-
ethyl-3-methylimidazolium trifluoromethylsulfonate as the
electrolyte). The scan rates were 5, 20, 50 mV/s. Every CV
curve consisted of about 560 data points (the exact num-
ber depended on the scan rate and range). In another home
made capacitor the electrodes were made of similar ceramic-
carbon composite, but 20% H2SO4 was used as an elec-
trolyte. In view of a narrow electrochemical window of wa-
ter, the potential range was limited to 0 to +1000 mV for
that capacitor. The numerical values of HI and of correla-
tion coefficients reported below were rounded to 2 decimal
digits.



Adsorption (2009) 15: 172–180 175

4 Results and discussion

The CV curve of PC5 (commercial capacitor) over a po-
tential range 0–1500 mV at scan rate of 5 mV/s showed
HI1 of 0.97 and HI2 of 0.83 and the CV curve of PC10,
showed HI1 of 0.94 and HI2 of 0.77. The CV curves of
home made capacitor with 20% H2SO4 over a potential
range 0–1000 mV showed HI1(5) = 0.65, HI1(20) = 0.76,
and HI1(50) = 0.78, and HI2(5) = 0.61, HI2(20) = 0.67,
and HI2(50) = 0.63, where the number in brackets is the
scan rate in mV/s. In spite of different scan ranges the re-
sults obtained for home made capacitor and for commercial
capacitors can be compared, and the values of HI are clearly
higher for the commercial capacitors. This result is not sur-
prising, namely, coin-type geometry is not the optimal one
for performance of capacitors. Moreover the ceramic-carbon
composite in home-made capacitors showed a high elec-
tric resistance. The values of HI for home made capacitor
with 20% H2SO4 were scan-rate-dependent, but there was
no systematic trend, and the effect was not dramatic.

The results obtained for home made capacitors with low
temperature ionic liquids as the electrolytes are summarized
in Tables 1–3. The maximum, minimum, average and me-
dian values of HI1 and HI2 at different scan rates, and cor-
relation coefficients between particular HI are reported. The
highest HI reported in Tables 1–3 are comparable with cor-
responding HI for home made capacitor with 20% H2SO4,
but on average the HI reported in Tables 1–3 are lower. The
average and median HI in a series of capacitors decreased
when the scan rate increased, but the effect was not very
significant, and for individual capacitors different types of
frequency dependence were observed. HI1 and HI2 at dif-
ferent scan rates showed some degree of linear correlation,
that is, a capacitor which shows a high value of one HI is
likely to show a high value of another HI and vice versa.
The HI obtained at 20 and 50 mV/s showed a correlation
coefficient >0.9, and the results obtained at 5 mV/s showed
limited correlation with the results obtained at higher scan
rates. HI1 and HI2 at the same scan rate showed a corre-
lation coefficient >0.98. Then the assessment of deviations
from rectangular shape in a series of CV curves based on
HI1 and HI2 at the same scan rate favors the same capaci-
tors, but it is not the case for HI at different scan rates. We
also compared HI obtained for the same capacitor and differ-
ent potential ranges. The HI for the potential range −1500
to 1500 mV were slightly higher than for the potential range
0 to 1500 mV (with a few exceptions), and the correlation
coefficient of HI obtained for two potential ranges in a series
of 23 capacitors was >0.95 at scan rates of 20 and 50 mV/s,
and 0.78 (HI1) and 0.72 (HI2) at scan rate of 5 mV/s. Thus
the choice of the scan range has limited effect on assessment
of capacitors by means of HI.

We used an extensive set of experimental CV curves ob-
tained at different conditions with different electrochemical

Table 1 Hysteresis indices HI1 and HI2 in a series of 52 home made
capacitors, potential range 0 to 1500 mV. The numbers in brackets are
scan rates in mV/s

HI1(5) HI1(20) HI1(50) HI2(5) HI2(20) HI2(50)

Maximum 0.7 0.76 0.74 0.55 0.6 0.54

Minimum 0.13 0.1 0.1 0.1 0.08 0.08

Average 0.41 0.39 0.33 0.32 0.3 0.25

Median 0.41 0.38 0.28 0.33 0.28 0.21

Correlation coefficients

HI1(5) 1 0.74 0.57 0.99 0.7 0.54

HI1(20) 1 0.92 0.78 0.99 0.9

HI1(50) 1 0.64 0.95 1

HI2(5) 1 0.75 0.61

HI2(20) 1 0.94

HI2(50) 1

Table 2 Hysteresis indices HI1 and HI2 in a series of 23 home made
capacitors, potential range 0 to 1500 mV. The numbers in brackets are
scan rates in mV/s

HI1(5) HI1(20) HI1(50) HI2(5) HI2(20) HI2(50)

Maximum 0.7 0.75 0.74 0.55 0.6 0.54

Minimum 0.16 0.1 0.1 0.12 0.08 0.08

Average 0.45 0.42 0.37 0.34 0.32 0.27

Median 0.44 0.43 0.29 0.35 0.34 0.22

Correlation coefficients

HI1(5) 1 0.7 0.44 0.99 0.64 0.41

HI1(20) 1 0.9 0.72 0.99 0.87

HI1(50) 1 0.51 0.94 1

HI2(5) 1 0.67 0.48

HI2(20) 1 0.92

HI2(50) 1

Table 3 Hysteresis indices HI1 and HI2 in a series of 23 home made
capacitors, potential range −1500 to 1500 mV. The numbers in brack-
ets are scan rates in mV/s

HI1(5) HI1(20) HI1(50) HI2(5) HI2(20) HI2(50)

Maximum 0.74 0.76 0.7 0.59 0.61 0.56

Minimum 0.15 0.11 0.1 0.11 0.08 0.07

Average 0.53 0.47 0.37 0.39 0.36 0.29

Median 0.56 0.49 0.37 0.41 0.36 0.27

Correlation coefficients

HI1(5) 1 0.72 0.41 0.98 0.68 0.38

HI1(20) 1 0.9 0.69 1 0.88

HI1(50) 1 0.38 0.91 1

HI2(5) 1 0.65 0.33

HI2(20) 1 0.9

HI2(50) 1
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Table 4 Hysteresis indices HI1 and HI2 calculated from CV curves taken from literature

Reference Figure # Scan range/V Scan rate/mV/s HI1 HI2 Author’s assessment

Yamada et al. 2007 5 −0.1 to 0.7 5 1.00 0.97 rectangular

Yamada et al. 2007 5 −0.1 to 0.7 20 1.00 0.88 leaf-like

Janes et al. 2007 7b 0 to 3.2 1 1.00 0.85 ideal

Arulepp et al. 2004 3a −2.25 to 0 5 1.00 0.90

Arulepp et al. 2004 3a −2.25 to 0 10 1.00 0.88

Arulepp et al. 2004 3b −2.25 to 0 5 1.00 0.84

Gupta and Miura 2006 5b 0 to 0.7 10 1.00 0.77 close to rectangular

Hahn et al. 2004 2b 0 to 2 10 0.99 0.84

Frackowiak and Beguin 2001 14 0 to 0.8 10 0.99 0.85

Janes et al. 2007 7a 0 to 2.7 1 0.99 0.85 ideal

Jang et al. 2006 8 0 to 1 10 0.99 0.92

Arulepp et al. 2004 3a −2.25 to 0 50 0.98 0.88

Janes et al. 2007 7a 0 to 3 1 0.97 0.84 ideal

Arulepp et al. 2004 3b −2.25 to 0 10 0.96 0.88

Janes et al. 2007 7b 0 to 3.2 1 0.95 0.82 ideal

Arulepp et al. 2004 3b −2.25 to 0 50 0.95 0.83

Hulicova et al. 2006 4 −1 to 0 1 0.95 0.73 non rectangular

Tripathi et al. 2006 2a −0.85 to 0.85 20 0.95 0.87 almost square

Gupta and Miura 2006 5c 0 to 0.7 10 0.95 0.71 close to rectangular

Tripathi et al. 2006 2c −0.85 to 0.85 20 0.95 0.87 almost square

Janes et al. 2007 7a 0 to 3.2 1 0.94 0.75 ideal

Hulicova et al. 2005 6a 0 to 0.5 0.1 0.94 0.82 almost square

Fang and Binder 2007 3a 0 to 3 100 0.93 0.93

Hahn et al. 2004 2a −1 to 1 10 0.93 0.67 butterfly

Fang and Binder 2006a 3b −1 to 1 25 0.91 0.87

Lewandowski and Olejniczak 2007 4 0 to 2 2 0.91 0.73 rectangular

Vix-Guterl et al. 2005 2a 0 to 2 10 0.91 0.85 near rectangular

Tripathi et al. 2006 2c −0.85 to 0.85 50 0.91 0.75 almost square

Wang et al. 2006 4a −1 to 0 5 0.91 0.69 rectangular

Fang and Binder 2007 3a 0 to 3 100 0.91 0.86

Wang et al. 2006 4b −1 to 0 30 0.91 0.61 quasirectangular

Tripathi et al. 2006 2b −0.85 to 0.85 20 0.90 0.80 almost square

Fang and Binder 2007 1b −1 to 1 25 0.90 0.89

Lewandowski and Olejniczak 2007 4 0 to 1 2 0.90 0.80 rectangular

Vix-Guterl et al. 2005 2a 0 to 2 2 0.90 0.83 near rectangular

Hulicova et al. 2005 6b 0 to 0.5 0.1 0.90 0.70 not square

Fang and Binder 2006a 3b −1 to 1 100 0.89 0.78

Hulicova et al. 2006 4 −1 to 0 1 0.89 0.69 non rectangular

Tripathi et al. 2006 2a −0.85 to 0.85 50 0.89 0.74 almost square

Fang and Binder 2007 1b −1 to 1 100 0.89 0.80

Hulicova et al. 2006 4 −1 to 0 1 0.89 0.68 non rectangular

C. Kim et al. 2004 5 −2 to 2 5 0.88 0.74

Fang and Binder 2007 1a −1 to 1 25 0.88 0.83

Lewandowski and Olejniczak 2007 4 0 to 3 2 0.88 0.69 rectangular

Gupta and Miura 2006 5c 0 to 0.7 50 0.87 0.65 close to rectangular

Wang et al. 2006 4b −1 to 0 50 0.86 0.67 quasirectangular

Zhu et al. 2006 3 0 to 0.8 10 0.86 0.82 nearly rectangular

Hulicova et al. 2006 4 −1 to 0 1 0.85 0.63 non rectangular

Lewandowski et al. 2003 5 0 to 2 5 0.85 0.77 rectangular
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Table 4 (Continued)

Reference Figure # Scan range/V Scan rate/mV/s HI1 HI2 Author’s assessment

Fang and Binder 2006a 3a −1 to 1 100 0.84 0.71

Kierzek et al. 2004 6 0 to 0.8 1 0.84 0.70

Tripathi et al. 2006 2b −0.85 to 0.85 50 0.83 0.65 almost square

Lewandowski et al. 2003 6 −1 to 1 5 0.83 0.81 less rectangular

Lewandowski et al. 2003 6 −1 to 1 10 0.83 0.81 less rectangular

Fang and Binder 2007 3a 0 to 3 100 0.83 0.73

Zhu et al. 2006 3 0 to 0.8 10 0.83 0.73 nearly rectangular

Fang and Binder 2007 1a −1 to 1 100 0.83 0.72

K.M. Kim et al. 2004 5 −2 to 2 5 0.82 0.62

Frackowiak and Beguin 2001 4 −0.28 to 0.65 2 0.82 0.72

Wang et al. 2006 4b −1 to 0 5 0.81 0.57 rectangular

Lewandowski et al. 2003 6 −1 to 1 50 0.81 0.71 less rectangular

Fang and Binder 2006a 3a −1 to 1 25 0.80 0.76

C. Kim et al. 2004 5 −2 to 2 5 0.80 0.62

Frackowiak and Beguin 2001 4 0.22 to 0.75 2 0.79 0.63

C. Kim et al. 2004 5 −2 to 2 5 0.78 0.66

Kierzek et al. 2004 6 0 to 0.8 20 0.78 0.75

Tripathi et al. 2006 2c −0.85 to 0.85 100 0.78 0.60

Lewandowski and Olejniczak 2007 4 0 to 4 2 0.78 0.63 rectangular

Lewandowski et al. 2003 6 −1 to 1 100 0.78 0.64 less rectangular

Tripathi et al. 2006 2a −0.85 to 0.85 100 0.77 0.62

Gupta and Miura 2006 5a 0 to 0.7 10 0.77 0.62 close to rectangular

Lewandowski et al. 2001 1 0 to 1 2 0.75 0.70 ill-defined box-like

Jang et al. 2006 8 0 to 1 10 0.74 0.69

Wang et al. 2006 4a −1 to 0 30 0.74 0.58 quasirectangular

Gupta and Miura 2006 5b 0 to 0.7 50 0.73 0.56 close to rectangular

Kierzek et al. 2004 6 0 to 0.8 5 0.73 0.68

Fang and Binder 2007 1b −1 to 1 500 0.72 0.53

Hulicova et al. 2006 4 −1 to 0 1 0.70 0.50 non rectangular

Dong et al. 2006 5 0 to 1 5 0.70 0.57 not nearly rectangles

Hulicova et al. 2006 4 −1 to 0 1 0.69 0.50 non rectangular

Lewandowski and Krzyzanowski 2003 5 0 to 2.5 5 0.67 0.63 box-like shape

Gupta and Miura 2006 5a 0 to 0.7 50 0.67 0.55 close to rectangular

Yamada et al. 2007 5 −0.1 to 0.7 100 0.67 0.49 leaf-like

Sun et al. 2006 12 −1 to 1.5 0.66 0.62

Dong et al. 2006 5 0 to 1 5 0.66 0.43 not nearly rectangles

Tripathi et al. 2006 2b −0.85 to 0.85 100 0.66 0.50

Fang and Binder 2007 1a −1 to 1 500 0.65 0.49

Fang and Binder 2006a 3b −1 to 1 500 0.65 0.45

Wang et al. 2006 4a −1 to 0 50 0.65 0.52 quasirectangular, triangular

Sun et al. 2006 12 −1 to 1.5 0.63 0.60

Frackowiak and Beguin 2001 4 −0.25 to 0.65 2 0.63 0.54

Lewandowski et al. 2001 2 0 to 0.8 5 0.63 0.61 close to rectangular

Gu et al. 2000 1 −3.5 to 3.5 20 0.62 0.52

Fang and Binder 2006a 3a −1 to 1 500 0.59 0.42

Gu et al. 2000 1 −3.5 to 3.5 20 0.53 0.42

Dong et al. 2006 5 0 to 1 5 0.46 0.37 not nearly rectangles

Michael and Prabaharan 2004 4 0 to 4.5 10 0.43 0.27 non rectangular

Dong et al. 2006 5 0 to 1 5 0.42 0.32 not nearly rectangles
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capacitors. Our best capacitors showed HI1 of about 0.7 and
HI2 of about 0.6, and our worst capacitors showed HI1 and
HI2 of about 0.1. Comparison of the performances of two
capacitors based on HI obtained at the same experimental
conditions is preferred, but we demonstrated that HI1 and
HI2 are not very sensitive to the scan rate and scan range.
Therefore, HI1 and HI2 can be also used to compare the
shapes of CV curves taken from literature, which have been
obtained at different scan rates and scan ranges.

5 Application for literature data

98 CV curves of electrochemical capacitors and of elec-
trodes for electrochemical capacitors from literature were
analyzed by means of HI1 and HI2. These CV curves were
obtained by means of different instruments, for various elec-
trode materials and electrolytes, at different scan rates and
scan ranges. The scan rates and scan ranges are reported
in Table 4, and more detailed experimental information can
be found in the original publications (references and figure
numbers provided). Each CV curve was manually digitized,
and the scanned potential range was divided into 10 equal
parts. The I> and I< obtained for Ui i = 0,1, . . . ,10 were
used to calculate HI1 and HI2. The start and end point were
rejected in the calculation of HI2 to avoid overrepresentation
of the narrow ends of the CV curves. The results (rounded
to 2 decimal digits) are summarized in Table 4 and plotted
in Fig. 2.

The highest HI reported in Table 4 are higher than the
HI obtained in this study for commercial capacitors, and the

Fig. 2 Correlation between HI1 and HI2. The line represents
HI1 = HI2

lowest HI reported in Table 4 are similar to average HI ob-
tained in this study for home made materials and reported in
Tables 1–3. The CV curves in Table 4 are arranged from the
highest to the lowest HI1, and the last column in Table 4 re-
ports authors’ assessment of the shape of CV curves, which
was found in original papers. Usually the authors’ assess-
ment is in line with HI1, that is, the curves with a high HI
are assessed as rectangular, and the curves with a low HI
are assessed as non-rectangular, but many exceptions from
this rule indicate the subjective character and limited signif-
icance of the authors’ assessment. A CV curve with HI1 as
high as 1, and HI2 as high as 0.88 was described as “leaf
like”, that is, not-rectangular. On the other hand, a CV curve
with HI1 as low as 0.63, and HI2 as low as 0.6 was described
as “close to ideal rectangular” in the original paper. The cor-
relation coefficient between HI1 and HI2 in Table 4 is 0.9,
and it is lower than in a set of HI obtained at the same scan
rate for home made capacitors (Tables 1–3). Yet, the results
presented in Table 4 were obtained at very different experi-
mental conditions, e.g., the lowest and the highest scan rate
differ by a factor of 5000. The HI obtained at different scan
rates are indicated by different symbols in Fig. 2, but no
clear correlation between HI1 or HI2 or HI1/HI2 on the one
hand and the scan rate on the other is apparent. Thus HI
reflect the properties of capacitor/electrode, and the choice
of the scan rate is not crucial. In most studied CV curves
HI1/HI2 ratio ranges from 1.1 to 1.3, and very high or very
low HI1/HI2 ratio is an indication of peculiar shape of CV
curves.

6 Conclusion

We argue that HI defined in the present study are superior
to subjective methods in assessment of the deviations of CV
curves of electrochemical capacitors from ideal rectangular
shape.
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