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Abstract

Electrochemical capacitors, based on the double-layer capacitance of high specific-area C materials, are attracting major fundamental and
technological interest as highly reversible, electrical charge-storage and delivery devices, capable of being operated at high power-densities.
A variety of applications have been described in the literature, e.g. for cold-start vehicle assist, in hybrid load-leveling configurations with
batteries, fuel-cells, as well as directly with internal combustion engines. Additionally, high capacitance C electrodes have been usefully
employed as anodes coupled with battery-type cathodes, e.g. Pb/PbO,, in so-called “asymmetric” capacitor cells.

On account of these perceived various applications, requirements for performance evaluation must be developed in systematic and comple-
mentary ways. In the present paper, we examine experimentally the following test procedures as exemplified by application to an high
specific-area (ca. 2500m? g~!) woven C-cloth capacitor electrode material: (i) evaluation of the specific capacitances as a function of
charge/discharge rates employing cyclic-voltammetry and dc charging curves; (ii) as in (i), examination of reversibility and energy-efficiency
as a function of electrolyte (H,SO,) concentration, i.e. conductivity; (iii) interpretation of effects in (i) and (ii) in terms of distributed resistance
and capacitance in the porous C matrix according to the de Levie model; (iv) interpretation of data obtained in (i) in terms of Ragone plots
which, for capacitor devices, require special treatment owing to the fundamental dependence of electrode- (or device) potential on state of
discharge; (v) interpretation of self-discharge (SD) kinetics in terms of porous-electrode structure. Performance data for the C-electrode are

given for capacitative charging up to high “C-rates”, extension of operational voltage windows and for SD behaviour.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, research and development of electrochem-
ical capacitors (ECs) has become a challenging and techno-
logically important field [1-5] due to their perceived high
operating power-density and to demands for new applica-
tions involving high specific-power sources for power trains
of electric vehicles that can be operated with less or zero
toxic gas emission. However, compared with batteries, an
EC usually provides lower energy-density and exhibits higher
self-discharge rates which make it impossible to be simply
a substitute for batteries in commercial or industrial applica-
tions. Additionally, the approximately linear decline of volt-

* Corresponding author. Tel.: +1 613 562 5481; fax: +1 613 562 5170.
E-mail address: wpell @science.uottawa.ca (B.E. Conway).

0378-7753/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2005.06.002

age with declining state-of-charge (SOC) is a fundamental
aspect of a capacitor’s electrical behaviour. However, oppor-
tunities arise for complementary operation of ECs that are
electrically coupled in discharge and recharge with batteries
to obtain more efficient charge storage and power delivery.
Special attention has been recently given to the develop-
ment of hybrid battery—capacitor systems for electric-vehicle
drive trains [6-9]. Also, testing results have been reported
for hybrid power sources based on a combination of capac-
itor and battery-type electrodes [6,10] and a projected EC
with an energy-density of 20kJ kg~! and a power-density of
20kW kg~! has been developed [1].

Large capacitance ECs can be developed either by utiliz-
ing the so-called double-layer (d.1.) capacitance at electrode
interfaces or employing the large redox pseudocapacitance
that is developed at some transition metal oxide films (e.g.
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RuO; [11], IrOy [12], Co304 [13]). To increase energy-
density of ECs is a principal aim for promotion of EC perfor-
mance. Since the energy-density of an EC, ED, increases with
capacitance, C, and also the square of the operating voltage,
AV,oncharge,i.e. ED = (1/2)g AV=(1/2)C(AV)?,asubstan-
tial improvement in energy-density can thus be achieved by
either increase of capacitance by using high specific-area car-
bon materials or by increasing the operating voltage of an EC,
using nonaqueous electrolytes instead of aqueous ones, thus
corresponding to an increase of decomposition voltage from
1.0-1.5V to 3 or 3.5V or more, per cell unit. By combining
all of the optimal conditions, a very large specific capacitance
with large energy-density can be realized.

However, for ECs based on high specific-area porous
carbon electrodes, some unavoidable opposing effects arise
between the requirements for high ED and the necessities
for very low internal resistance in order to maximize oper-
ating power density, PD. Thus, for future applications, it is
of major interest for development of ECs currently utilizing
porous C electrode materials, that better understanding of the
relation of the pore-size distribution [14] to real specific-area
values be gained in relation to distributed internal resistance,
electrolyte wetting of the pores and the actually attainable
capacitance. Additionally, study of rates of self-discharge and
its mechanisms is of essential importance in evaluation of EC
performance enabling the choice of materials that minimize
self-discharge. The basic principles of such studies have been
treated in earlier papers [1,5,15].

In the present paper, we examine quantitatively the
requirements for performance evaluation of electrochemical
d.l. capacitors, exemplified by results of studies on an high
specific-area (2500 m? g~!') woven C-cloth material (Spec-
tracarb 2225) in aqueous H>SOy4 at various concentrations,
polarized at various rates under regimes of cyclic voltam-
metry and galvanostatic current-density variation. Special
attention is directed to the effects of distributed capaci-
tance and resistance in pores of the C material in relation
to the de Levie signal-penetration effect [16] that determines
how the measurable double-layer capacitance of porous C
electrodes depends on sweep-rate in CV, current-density in
charging curves and frequency in impedance spectroscopy.
Additionally, the de Levie effect influences self-discharge
behaviour in potential-decay and float-current measurements
[5]. Notwithstanding the importance of extended cycle-life
testing, even thermally accelerated, its lengthy duration pre-
vented its adoption here.

2. Experimental

2.1. Configuration of electrodes for performance
evaluations

Here, charge/discharge and polarization measurements
are based on ‘“single electrode” studies (i.e. half-cell EC
electrodes) using both a separate counter-electrode and
importantly a reference electrode. This procedure differs

from that employed in most commercial tests which are
made on two- or multi-electrode packaged devices, i.e.
without a reference electrode, and can thus give more and
direct information on the electrochemical behaviour of the
tested C materials separately as cathodes or anodes.

2.2. Materials

Spectracarb 2225, C-cloth, having an high specific-area
value of 2500m?g~! was obtained from Spectra Corp
(Lawrence, MA 01840) and has the advantage of being
able to be formed into electrodes having good mechanical
integrity. High purity BDH Aristar HySO4 was used as the
electrolyte. Elsewhere [17], we have shown SEM photos of
such electrodes from which it is clear that the main micro-
and nano-scale real area arises within the individual fibrils of
the cloth. Experiments were conducted in 0.01, 0.05, 0.5 and
5M H,SO4 aqueous solutions after bubbling O,-free N; in
the usual way for deaeration.

2.3. Cell and instruments

An EG&G Parc M270 potentiostat/galvanostat, controlled
by a computer with M270 software, was used to per-
form charge/discharge, self-discharge and float-current test
experiments. All experiments were carried out in a three-
compartment glass electrochemical cell, in the usual way,
using the Spectracarb 2225 C-cloth as the working electrode;
an hydrogen reference electrode and Spectracarb 2225 C-
cloth was also used as the counter-electrode to ensure that
the latter had larger area than the working electrode.

For open-circuit self-discharge and potential recovery,
after respective anodic charging or cathodic discharging, to
or from known controlled potentials, the declines or rises
of electrode potentials after interruptions of charging or dis-
charging currents, were followed by digital recording over
four to five decades of time.

2.4. Preparation of the working C electrode

A piece of carbon cloth of known weight was first wrapped
around a solid glass bead blown at the end of a glass tube (cf.
ref. [18]), then secured by connection to a silver wire which
was sealed within the glass tube. The current contribution at
the connector wire was negligible due to its very small area
(0.063 cm?) compared with that of the C-cloth (8 x 10° cm?).
The prepared working electrode was first wetted in the HySO4
solutions; the resulting capacitative behaviour was repro-
ducible and stable, even over several months.

3. Results and discussion
3.1. Charge and discharge behaviour

3.1.1. Cyclic voltammetry
Cyclic voltammetry is especially valuable and is the pre-
ferred method for studying double-layer capacitor materials
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and resulting EC devices since it provides detailed informa-
tion directly on the double-layer capacitance and its potential
dependence, which is essential for examining the behaviour
and structure of electrified interfaces. In cyclic voltamme-
try, current response, i(V, f), at a scan rate s=dV/dz, gives
the double-layer capacitance, C=i/s. The charge-density,
g, accepted or delivered, is then obtained by integration,
q= f ’; dV; the dependence of g on electrode potential,
V, is then directly determinable as a differential quantity
C=dg/dV. Such quantities always give more resolved infor-
mation than corresponding integral charging-curve relations,
i.e. total charge versus total potential. Hence, C is directly
and conveniently evaluated as a f{s) and potential by means
of cyclic voltammetry, in the usual way. Correspondingly,
C can also be directly evaluated as a function of frequency
by impedance spectroscopy [19] and behaviour interpreted in
terms of “RC’—ladder diagrams representing de Levie trans-
mission line frequency response, as modeled by Miller, e.g.
as in ref. [2].

The recorded voltammograms for sufficiently low s
(<5mV s_l) and in the 5 M H»SO4 electrolyte approximate
well to the behaviour expected for a pure capacitance (viz.
capacitance-density becoming independent of sweep-rate
and the anodic and cathodic curves are almost mirror-images
of each other (Fig. 1), as also found for RuO, pseudocapacitor
electrodes [20]). At higher sweep-rates, the voltammograms
become distorted owing to increasing iR-drop, as is usually
observed and treated in ref. [21]. The Spectracarb material
exhibits a weak maximum in both the anodic and cathodic
current responses around 0.4~0.7 V, probably due to a pseu-
docapacitance contribution from surface functional groups,
e.g. of the quinonoid type [22].

CV measurements can also usefully enable C-rates (in
battery terminology) to be derived relative to a “full-charge”
condition in aqueous medium, say at 1.2 V (RHE). The C-rate
is then directly related to the sweep-rate s (=+dV/dr) Vs~!
by C-rate=3600 x s/1.2. Thus, it is seen that even relatively
slow sweep-rates in CVs, e.g. s=0.01 Vs~!, correspond to
quite large C-rates, viz. 30C for this example. Hence, CV
experiments on d.l. capacitors, at quite moderate s values,
provide relatively high C-rate performance data in relation to
those commonly quoted for operation of batteries, e.g. C/4
for Pb/acid. For the above reasons, it is easily seen why dis-
tortions of CVs are often significant for sweep-rates beyond
1-5mV s, even in well-conducting solutions.

Compared with those for 5M H;SOg4 solution, the CV
curves for the C-cloth in dilute HySOy4 solutions (0.5, 0.05
and 0.01 M) deviate much more from ideal behaviour in their
current responses (Fig. 2a and b). Deviations from ideality
were especially marked in the CV responses either in low
electrolyte concentration (<0.05 M) or at high scan rates. This
is, as expected, due to increase of the iR-drop which arises
principally from the complex internal distribution of resis-
tance of electrolyte in porous electrodes (such as the C-cloth
used in our present work) and is essentially different from the
“equivalent series (solution) resistance” (ESR), R;, at a planar

00 02 04 06 08 1.0
(a) Potential / V (vs. RHE)

0.0 0.2 0.4 0.6 0.8 1.0

(b) Potential / V (vs. RHE)

Fig. 1. (a) Cyclic voltammograms of the C-cloth electrode in terms of the
capacitance response, i/s, in 5 M HySO4 recorded between —0.05 and +1.0 V
(RHE) for a sequential series of sweep-rates: 0.1, 0.5, 2, 5, 10, 25 and
50mV s~!. The arrow shows the direction of increasing sweep-rate. (b) A
successive series of voltammograms, taken to progressively more positive
potentials for a C-cloth electrode in 5SM HySO4 at 2 mV s7L

one. It is well known that the iR-drop in a porous electrode is
no longer single-valued at a given i, but increases down the
pore since the local i decreases and the cumulative R increases
due to a progressive increase of electrolytic resistance down
the pore from its orifice resulting in the so-called “penetra-
tion depth”, defined by de Levie [16], which decreases with
rate in potentiostatic/galvanostatic measurements and with
frequency in ac impedance techniques.

For a purely capacitative electrode, having zero Ry, both
coulombic and energy efficiency (CE and EE) should be
100%. However, for an electrode having a real Rg, and
hence unavoidable overvoltage, irreversible dissipative loss
of energy density, ED, takes place, leading to EE < 100%
since:

ED = 1cv2 = lc [V(1) — iRs)? (1)
—2Y T 1

The coulombic ((ga/gc) x 100) and energy efficiency
((EDA/EDc) x 100)) values for the C-cloth, determined as
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Fig. 2. Cyclic voltammograms of the C-cloth electrode for a series of H;SO4
electrolyte concentrations: 0.01 (---), 0.05 (---), 0.5 (--) and 5M (-), at
1mVs~! (a) and 10mVs~! (b).

Table 1

a function of electrolyte concentration and scan rate (equiv-
alent to charge/discharge rate) are listed in Table 1. The
coulombic efficiency is rate-independent and approximates to
100%, while the energy efficiency is highly rate-dependent,
decreasing from 78 to 36% in 5M H»>SO4 over range of
s=0.5-25mVs~L. As we have shown elsewhere [21], this
is due to the iR-effect which increases with increasing s,
leading to corresponding decreases in measured C (or i/s)
(Fig. 3a). This is especially evident when the integral capac-
itance, determined over the 1 V potential range from exper-
imental CV results, is plotted as a function of scan-rate
(Fig. 3a) and/or electrolyte concentration (Fig. 3b). Similarly,
the smallest energy efficiency and also its largest decrease
(from 53 to 15%) arise in 0.05M H,SO4 as compared with
corresponding values in both 5 and 0.5 M H>SO4. Of course,
this is because, as discussed earlier, Ry increases and (the
accessible) C decreases significantly (Fig. 3b) with decreas-
ing electrolyte concentration.

3.1.2. Galvanostatic charging and discharging

For practical testing of supercapacitors or batteries, the
complementary procedure of recording charge/discharge
relations at constant-currents is usually employed. This
method also usefully provides information (see Section 3.2)
enabling construction of Ragone plots [23] to be made, relat-
ing achievable EDs to operating PDs. Such relations provide
essential performance parameters for practical evaluation of
capacitors or their constituent single electrodes.

Theoretically, for a constant capacitance device with-
out distributed resistance, the constant-current charge and
discharge relations are straight lines with slopes +1/C and
—1/C, respectively. The total charge, gr, is independent of
charging current-density, and both coulombic and energy
efficiencies are, for such conditions, 100%. For practical

Charge and energy parameters calculated from cyclic voltammetry at the C-cloth electrode for three electrolyte (H,SO4) concentrations®

Concentration M) s(mVs™") ¢, (Cg~") ¢_(Cg™") Coloumbic efficiency (%) ED, (Wsg~!) ED_ (Wsg~!)  Energy efficiency (%)
5 0.5 354 349 99 199 152 78
1 337 336 100 191 146 76
2 323 322 100 185 138 75
5 288 298 103 178 120 67
10 267 271 101 171 97 57
25 211 207 98 149 54 36
0.5 0.5 324 322 100 188 132 70
1 302 302 100 179 119 66
2 278 279 100 171 103 60
5 228 225 99 153 66 43
10 171 169 99 126 38 31
25 91 88 97 73 14 19
0.05 0.5 213 216 101 135 72 53
1 170 176 103 118 46 39
2 122 128 105 92 26 28
5 62 63 102 50 10 20
10 33 33 99 27 5 19
25 14 14 95 12 2 17

2 Potential limits: —0.05to 1.0 V.
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Fig. 3. (a) Variation of integral capacitance over the potential range of —0.05
to 1.0 V (RHE) with scan-rate and electrolyte concentration: 0.01(@®), 0.05
(A),0.5(v)and 5 M (H). (b) Capacitance at various potentials: +0.1 (H),+0.2
(*), 40.3 (A), +0.4 (+), 0.5 (x) and +0.6 V (@), as a function of electrolyte
concentration determined from cyclic voltammetry data at 0.1 mV s~
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devices having significant ESR and/or potential dependent
capacitance, the charge/discharge curves will deviate, how-
ever, from straight lines and initially, on charge and at the
point of reversal of the direction of current to discharge,
ohmic potential drops observably arise, causing a shift
and asymmetry of the charge/discharge profiles. Then the
coulombic and especially energy efficiency will be less than
100%.

Constant-current charge and discharge behaviours of the
C-cloth electrode, studied in 0.01, 0.05, 0.5 and 5M H>SO4
atl,1.5,2.5,5, 10and 50 mA, are shown comparatively in the
series of Fig. 4a—d, in which are plotted the voltage responses
as a function of charge, Q. For these curves, the potential
versus Q relations exhibit, as expected, non-linearity, depen-
dent, in part, on the charging/discharging current, indicating
that the capacitance of the C-cloth, as measured, is not con-
stant over the potential ranges in charge and discharge as also
indicated by the CV curves (Fig. 1). This must be a result of
several effects: (a) that of the direct ESR; (b) and of redistribu-
tion of charge within the pores of the 3-D C-cloth structure
during charging or discharging; (c) any pseudocapacitance
contribution due to redox-active surface groups. Simulation
results (which provided the same characteristic curves) from
polarization of a five-element series-parallel hardware net-
work of appropriately valued capacitors and resistors [24]
confirms the first two effects while the CV curves shown, as
above, reflect some contribution from the (c) effects. Also,
further support is provided by the following interesting obser-
vations:
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Fig. 4. The potential response to constant charging/discharging currents of 1, 1.5, 2.5, 5, 10 and 50 mA as a function of charge (a—d) for a C-cloth electrode in
a series HySOy4 electrolyte: 0.01 (a), 0.05 (b), 0.5 (c) and 5 M (d). Accepted/delivered charge increases with decreasing charging/discharging current.
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(i) The accepted and delivered charges are substantially
decreased with increasing current for each case of the
H,SOy4 solutions indicating clearly the effect of the dis-
tributed (electrolytic) resistance on acceptance or deliv-
ery of charge under conditions of increasing rate of
charge or discharge. This effect becomes, of course,
diminished with increasing electrolyte concentration
due to diminishing resistivity within the pores (compare
Fig. 4a—d).

(i1) A significant initial, rate-dependent drop/rise in poten-
tial is observed, indicating the presence of a significant
ESR (Fig. 4a—d). The derived iR-drop on discharge
increases as the concentration of electrolyte decreases
and, of course, is most significant for the lowest con-
centration of 0.01 M and for the largest rate of charg-
ing/discharging (Fig. 4a). Note, however, the serious
iR-drops on discharge as a function of H,SO4 concen-
tration and discharge/charge current, which arise for
electrolyte concentrations less than 0.5 M. Thus, the iR-
drop and the “potential redistribution effect” [24] for
the high-area porous electrode material are, as expected,
significantly decreased in H»SOy4 solutions at concentra-
tions >0.5 M.

(iii) The accessible capacitance of the C-cloth electrode
increases with increasing concentration of electrolyte
and with decreasing charging/discharging rate. This
is consistent with the results of cyclic voltammetry
(Figs. 1 and 3) and can be attributed to the more effective
penetration of current and better electrolyte conductivity
down the pores, leading to increases of the electro-
chemically chargeable area of the C-cloth electrode and
consequent increases of capacitance and thus of storable
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energy. Thus, decreasing charging/discharging rate and
increasing HySO4 concentration minimize the potential
redistribution effect (cf. ref. [16]).

(iv) Athigh charge/discharge rates (or in CVs at high sweep-
rates), the current response may simply come from that
of the pore orifices, i.e. the outer layers of the C-cloth
electrode fibres due to insufficiency of time for signal
penetration [16] into the pores, while low rates ensure
that the modulation signal can penetrate into pores (espe-
cially intra-fiber nano-scale pores) causing larger cur-
rent, hence charging, response. How large is the current
response change depends on how deep the signals pen-
etrate and how large is the distributed resistance within
and outside the pores, which is, of course, dependent
also on the concentration of electrolyte.

Fig. 5a and b show how the charge acceptance, the energy
and their efficiencies vary with electrolyte concentration
under galvanostatic charge and discharge conditions. The
charge and energy increase with increasing electrolyte con-
centration and also with decreasing charge/discharge rate,
indicating deeper penetration of the signal into the pores and
thus more accessibility for charging of inner areas of the C-
cloth electrode under such conditions. The coulombic and
energy efficiencies show, however, different dependency on
variation of charge/discharge rate and electrolyte concentra-
tion. Coulombic efficiency is independent of rate (Fig. 5a) and
remains relatively constant at approximately 100%. Chang-
ing electrolyte concentration also has no effect on coulombic
efficiency, which still maintains a value of near to 100%, a
matter of practical significance. This indicates that (a) the
effects of charge/discharge rate and electrolyte concentra-

0o 2 4 6 8 10
Charge or discharge current / mA

Fig. 5. (a) Charge (solid lines and symbols) and coulombic efficiency (dotted lines and empty symbols) changes as a function of charge/discharging current
for different HySOy4 electrolyte concentrations: 0.01 (square), 0.05 (down triangle), 0.5 (up triangle) and 5M (circle). Solid symbols represent charge and
grey symbols the discharge responses. (b) Changes of energy (solid lines and symbols) and energy efficiency (dotted lines and empty symbols) as a function
of charging/discharging current for H,SOy4 electrolyte at various concentrations: 0.01 (square), 0.05 (down triangle), 0.5 (up triangle) and 5 M (circle). Solid
symbols represent energy for the charge and grey symbols the discharge processes.
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tion on the acceptance and delivery of charge are comparable
over the potential range of this study and (b) full delivery of
the accepted charge in each of the cases is possible. 100% (or
near) coulombic efficiency, evaluated over the whole voltam-
mogram, is not, however, an indication of electrochemical
reversibility. Coulombic inefficiencies result when some por-
tion of the charging current is lost to parasitic reactions, e.g.
gas evolution on overcharge.

The energy efficiency, EE, is, however, highly rate and
electrolyte-concentration dependent and much less than
100%, especially for low electrolyte concentrations, e.g. 0.05
and 0.01 M (Fig. 5b). The charge/discharge processes are
subject to the effects of iR, concentration and, in the case
of Faradaic pseudocapacitance, activation polarization. Each
of these polarization components increases with increasing
current-density or rate and, as a result, increases the overall
voltage on charge or decreases it on discharge. Hence, the
energy efficiency, which is a function of the ratio of voltage
on discharge to that on charge, over a given potential range,
can exhibit significant dependences on both electrolyte con-
centration and rate, as seen in Fig. 5b.

3.2. Ragone plots (power-density versus energy-density
relations)

Itis interesting, useful and essential, for comparative eval-
uation of electrochemical power sources, to evaluate PD
and ED relations (Ragone relations) for battery or capaci-
tance devices, especially for an asymmetric device consist-
ing of an hybrid combination of high PD EC and high ED
battery—electrodes, e.g. see ref. [24]. Power and energy bal-

1E-4

1E-3  0.01 0.1 1 10 100

T T T T T

ED/Wsg'

ancing in the coupling between these two components is an
essential requirement and can be derived from Ragone plots.
Note, however, that the factors that determine the ED versus
PD relations for ECs are different, in a major way, from those
for batteries because, on discharge, an intrinsic feature of a
charged EC is a decline of its voltage with state of discharge,
determined by C =dg/dV while, for an ideal battery, the cell
voltage remains almost constant. Thus, since for a capaci-
tor, the voltage during discharge declines, corresponding to
withdrawal of charge per gram, g, both ED (Eq. (1)) and PD
(=iV) must also fall with increasing state-of-discharge, i.e.
they both depend on state-of-charge (SOC) of the electrode
giving Ragone plots that depend on both the rate, i, and the
state-of-discharge.

A series of plots of PD versus ED-available (Fig. 6) were
made as a function of state-of-charge of the C-cloth elec-
trode for rates of 1-50 mA in four electrolyte concentrations
from 0.01 to 5 M. The experimental curves of PD versus ED-
available in 5 M electrolyte (Fig. 6d) clearly show the funda-
mental features of ECs, i.e. both PD and ED-available decline
almost linearly with decreasing SOC. The plots deviate from
linearity with decreasing electrolyte concentration (compare
Fig. 6a—d) due to the “penetration depth” and ‘“potential
redistribution” effects, discussed above. Available ED also
increases, as expected, with increase of electrolyte concen-
tration. For basic reasons, PDs always significantly decrease
with decreasing rate, i, as found for each of the four elec-
trolytes indicating how substantial effects of rates of charge
delivery/acceptance determine the performance of ECs. In
the high-concentration electrolyte solutions (>0.5 M), ED-
available is relatively independent of delivery rate when

1 E_4 1 L L L
1E-3  0.01 0.1 1 10 100
ED/Wsg'

Fig. 6. PD vs. ED for various current-densities: (1) I mA (»), (2) 1.5 mA (#), (3) 2.5mA (V), (4) 5mA (4), (5) 10 mA (@) and (6) 50 mA (M) in four electrolyte
concentrations—(a) 0.01 M, (b) 0.05M, (c) 0.5M and (d) 5 M. Arrows indicate direction of increasing current.
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i<5mA (Fig. 6¢c and d) whereas, in more dilute electrolyte,
the ED is much more dependent on rate (Fig. 6a and b).
Significant ED is hardly realizable for i>10mA in 0.01 M
electrolyte (Fig. 6a) but shows excellent performance values
for 5M electrolyte (Fig. 6d). Note that the PD versus ED-
available curve cannot be recorded at a rate of 50 mA in 0.01
and 0.05 M solutions (Fig. 6a and b) due to high solution resis-
tivity, but does exhibit good shapes in 0.5 and 5M (Fig. 6¢
and d). Generally, in dilute electrolyte solutions (0.01 and
0.05 M), increasing delivery rate substantially decreases the
ED, while for high electrolyte concentrations (0.5 and 5 M),
effects of delivery rate on PD are relatively more apparent
than at low concentrations (Fig. 6a and d). Of course, opera-
tion of a practical electrochemical capacitor is limited to the
voltage range V; to V;/2 (i.e. 75% of the total energy stored
has already been delivered and at constant-current, the time
to recover the first 75% of the total energy stored is the same
as that for the remaining 25%). Significantly, Fig. 6 illus-
trates the decline in power with state-of-discharge (declining
voltage).

The construction of Ragone plots at 100% SOC from the
experimental data in Fig. 6 for these four electrolytes is shown
in Fig. 7 for six delivery rates. The PDs of fully charged
electrodes are plotted as a function of the ED of the electrode
at each of the six delivery rates (i.e. the maximum power-
density at that rate and electrolyte concentration is plotted
as a function of energy-density). It is important to remember
that the PD will decrease for each electrolyte concentration
and rate as the electrode becomes progressively discharged
(SOC effect referred to above and illustrated in Fig. 6).

Nevertheless, trends in PD and ED evident at the ini-
tial SOC of 100% are maintained as the electrode dis-
charges. Obviously, both PD and ED significantly increase
with increase of electrolyte concentration from 0.01 to 5 M as
shown in Fig. 7 for the initial SOC of 100%. For a given elec-
trolyte, however, PD increases but ED necessarily decreases

PD/W g-1

ootbent o i i

ED/Ws g-1

Fig. 7. Ragone plots for the fully charged C-cloth electrode for various
constant currents as marked on the figure for four electrolyte concentrations:
0.01M (W), 0.05M (@), 0.5M (A) and SM (V).

with increasing delivery rate, i.e. higher delivery rates always
correspond to higher PD at the expense of lower EDs, while
lower delivery rates give lower PDs and higher EDs. Note,
especially for the electrode in 0.01 M H>SOy4, that significant
decrease in ED at high rate (5 and 10 mA) is not accompa-
nied by an increase in PD (Fig. 7). The best performance of
the C-cloth electrode is achieved in 5 M electrolyte solution
since the high concentration (low resistivity) of the electrolyte
ensures minimal iR-losses and maximum penetration of the
charge/discharge signal into the pores of the carbon electrode
and hence maximum energy-storage capability (see Fig. 7).

3.3. Self-discharge

Self-discharge is a common phenomenon in the behaviour
of electrical charge-storage devices such as batteries or elec-
trochemical capacitors, and is defined in terms of the rate
of decline of voltage of an electrochemical power source [1]
with time, 7, on open-circuit following charging. Since self-
discharge involves a decline of potential (V) with time at a
single electrode or of AV between the electrodes of a charged
device, it must also lead to a decline of available electrical
energy as indicated by Eq. (2) for an electrochemical capac-
itor:

1 1
(ED), = EC(AV)% = J4(AV), )

Hence, the rate of energy loss will be determined by the rates
of decline of cell voltage, AV;:

dED), _ CAIAV’] _ ., d(AV)
— 5 - t

dr 2 dr dr

3

Thus, it is obvious that self-discharge behaviour is of major
practical importance for device-performance specifications,
especially in stand-alone or stand-by applications.

Generally, an ideal, non-leaky capacitance never suf-
fers self-discharge which can only occur if some Faradaic
electron-transfer processes, e.g. “shuttle reactions” [15],
take place due to the existence of impurity or reactive
species/groups arising from materials used within the device
or due to some ohmic leakage. Thus, self-discharge rates
can vary extensively depending on the chemistry and elec-
trochemistry of the system, the provenance of high-area C
materials and their pretreatment, the purity of the reagents
and electrolyte, the absence of oxygen, cleanliness of device
fabrication procedures and the temperature. The actual rates
are determined by the mechanisms of the processes by which
the self-discharge takes place, as treated in our ref. [15] where
three kinetic cases were examined giving rise to diagnostic
criteria for distinction of such processes. They can be sum-
marized as follows:

(a) When self-discharge is caused by a non-diffusion-
controlled Faradaic process associated with reduction
or oxidation of either the products from overcharge or
redox-reaction impurities such as Fe?*/Fe3*, solution
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oxygen, etc., the decline of voltage, V, versus log t would
give a straight line:

Vi=Vi— Alog(t+0) “

where 0 is an integration constant arising in the mathe-
matics (see ref. [15]).

(b) If self-discharge is due to a semi-infinite, diffusion-
controlled Faradaic process involving impurities at a
planar electrode, the potential would decline with square-
root of #, viz:

1/2_1/2
Vo=V — 2zFAD" /% ¢y 72

©)
(c) If self-discharge arises from ‘“short-circuit” leakage
between one electrode and another, e.g. as in a faulty
bipolar cell, In V; versus ¢ would follow a linear relation-
ship:
t
an,:an,'—R—C (6)
where R is an adventitious ohmic load resistance, e.g. in
a leaky bipolar configuration.

The electrochemical kinetic behaviours described in Eqs.
(4)—(6) are easily distinguishable from each other and thus
provide a diagnostic basis (treated in ref. [15]) for identi-
fying self-discharge mechanisms after recording the time-
dependent voltage of an electrode or a cell on open-circuit
(see results below) over a sufficient range (several decades)
of time, ¢.

Presence of impurities, including but not limited to water
in organic electrolyte configurations, has been identified as
the cause of self-discharge and leakage current in electro-
chemical capacitors [25-27]. Self-discharge has been linked
to carbon functionality and to the accessibility of the micro-
porous surface area [28]. In an attempt to control and limit
the extent of self-discharge researchers have considered the
effects of varying the electrolyte composition [27,29], nature
of the conducting agent employed in the electrode [30], as
well as by the composition of the separator material [31].

Two procedures are now employed for characterizing self-
discharge behaviours of electrochemical capacitors and bat-
teries. One is to follow the time-dependent voltage decline
to distinguish the self-discharge mechanism and to derive
kinetic data on open-circuit as described above. The other
procedure is the so-called “float current” measurement in
which a constant potential for a single electrode or AV for a
cell is applied in order to record the resulting float current, ir,
that is required to maintain that V or AV constant. Then, it
must be equal to the self-discharge rate that would be arising
at that potential.

3.3.1. Self-discharge behaviour of the C-cloth electrode
Self-discharge experiments using the C-cloth elec-

trode were conducted in 5 and 0.5M H,>SO4 by applying

constant-current charging up to various potential values then
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Fig. 8. Potential-decay relations for self-discharge at a single C-cloth elec-
trode, vs. RHE, initiated from a series of potentials: +0.7 (W), +0.8 (x), +0.9
(@), +1.0 (), +1.1 (#), 1.2 (V), +1.25 (@), +1.28 (») and +1.35 V (®), in
5.0M H, SO0y after positive charging at 10 mA. Inset: dV/d(log ) as a func-
tion of the initial potential for the series of potential decay curves shown
here in this figure.

interrupting the polarization current to record open-circuit
potential decays with time. The resulting data, plotted either
as In V; versus ¢ or V; versus 12 are not linear, showing that
self-discharge is not due to a linearly diffusion-controlled
Faradaic process nor to discharge into an adventitious
load resistance (cf. Egs. (5) and (6)). However, plots of V;
versus logt do exhibit straight lines after 1> 6 (Eq. (4))
as shown in Fig. 8. This is consistent with the mechanism
of case (a) (Eq. (4), referred to above), corresponding to a
non-diffusion-controlled Faradaic process.

Although the V; versus log(¢+0) relations (Fig. 8) are
linear over several decades of ¢ for all recorded plots, it is
important to notice that the slopes of these open-circuit poten-
tial plots (dV;/d(log #)) are dependent on the initial potential,
V; or initial state-of-charge in contrast to the behaviour pre-
dicted by Eq. (4). The slopes decrease with decreasing initial
polarization potential (inset in Fig. 8), eventually becoming
potential independent when V; <+0.9V, which is just the
onset of rapid potential rise in the CV curve (cf. Fig. la,
at low scan rate). Since the beginning of the rapid potential
rise is related to the starting of non-capacitative charging of
the C-cloth electrode and the slopes of the V; versus log( + 6)
plots tend to be almost the same value below that potential,
the slope change therefore must arise, at least in part, from
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non-capacitative behaviour of the electrode. This is clearly
evidenced by the behaviour in Fig. 8 where larger changes of
slope arise following higher initial polarization potential.
The above behaviour is to be contrasted with that of
the nickel-oxide electrode (cf. ref. [32]) where the time-
dependent positive potentials, V;, recorded from several dif-
ferent V; values, converge to a common plot of V; versus
log(¢+6), i.e. when the values of the integration constant
6 (Eq. (4) and ref. [15]) are properly included in the data-
processing procedure. This difference from the behaviour at
porous C is attributable to the fact that the self-discharge
process at the Ni-O-OH electrode is mainly from the redox
pseudocapacitance of its external surface associated with
measurable Oy evolution [32], i.e. there is relatively little
influence of the de Levie “porous-electrode effect”.
Actually, in the case of C due to its highly porous structure
and its resultant complicated charge/discharge behaviour, the
slope of V; versus log ¢ (in Eq. (4)) is not only related to the
Tafel slope of the self-discharge reaction, but is also possibly
influenced by the potential-dependence of the capacitance
itself. This is reflected in Fig. 8. When over-charge evolution
of Oy occurs, the capacitance of the electrode changes due
either to the change of state-of-charge and/or the change of the
electrode’s surface state, including but not limited to variation
of the surface functional groups of the C material; the latter
effect may be the result of damage to or breakage of bonding
of the C material, as has been reported in the literature [33,34],
leading to subsequent increase of the iR-drop. The higher the
overcharge, the more serious are such effects which therefore
have practical significance. This may account, in part, for the
slope changes of V; versus log(z + 6) plots with changes of V;.
The logarithmic decay slope was also found to be a func-
tion of the magnitude of the charging current, as shown in
Fig. 9 in which V; versus log # plots are recorded after charg-
ing a C-cloth electrode at a series of current values (0.1, 2,
5, 10 and 50 mA) but to the same initial potential, 1.1V, fol-
lowed by open-circuit decay. These plots may be divided into
three distinct regions: short times, <2 s; intermediate times
2-100s (dependent on the rate) and long times, >100s. The
initial potential drop at short times, <2, i.e. from 1.1V to
ca. 1.095, 1.075, 0.995, 0.875 and 0.745V for 0.1, 2, 5, 10
and 50 mA charging currents, respectively, may be attributed,
primarily, to iR-polarization effects of solution resistance.
Of more significant interest, Fig. 9 clearly shows that
the slopes of the logarithmic decay curves at long time,
>100s, decrease with increasing charging current. In addition
to differences in the extent of iR polarization due to solu-
tion resistance, different charging-currents corresponding to
different charging-rates will establish different “penetration
depths” down the pores. As a result, time-dependent distribu-
tions of charge in the distributed double-layer at the extended
pore surfaces will be dependent on charge-rate hence caus-
ing changes in apparent capacitance, consequently leading to
differences of slopes of V; versus log ¢ (cf. ref. [15]).
At lower charging-currents, it is supposed that the charge
can be distributed amongst both the outer and inner sur-

LA LAL B B L) B L) B R L B R R R R R |

0.1 mA

Potential / V (RHE)

RN N T T T SN I J SN T T S N O TN NN S TN TN NN S S S SO NN SO T

0.6

LI L2 B B B E ) B L) B B L B R R R R AL §

1 10 100 1000 10000 100000

t/s

Fig. 9. Potential-decay relations for self-discharge as in this figure initiated
at the same potential +1.1V in 0.5M H,SOy4 after charging at a series of
charging currents: 0.1 (H), 2 (¥), 5 (¢), 10 (A) and 50 mA (@).

faces of the C-cloth electrode. At higher current-densities, the
charge/discharge arises mainly at the surface of outer regions
of the electrode structure. Hence, the extent of self-discharge
resulting from the charge redistribution effect within the elec-
trode itself will be greatest for high-rate charging resulting in
more rapid drop of potentials at intermediate times (2—100 s)
for electrodes charged at high currents (50 and 10 mA, cf.
behaviour for 0.1 mA, Fig. 9).

Interestingly, and consistent with the above interpretation,
analogous phenomena of potential recovery are observed
when the C-cloth electrode is polarized cathodically to var-
ious potentials and then allowed to relax on open-circuit.
The resulting potential recovery (V;) is found also to be
approximately linear with log ¢ (Fig. 10), just like that for self-
discharge, and the slopes of V; versus log ¢, corresponding to
rates of potential recovery, are again dependent on state-of-
charge. The less positive is the polarization potential prior to
open-circuit recovery (Fig. 10), the greater is the rate of poten-
tial recovery. It should also be noted that the charge/discharge
history of the C-cloth electrode, e.g. the maximum potential
to which the electrode had previously been polarized, also
influences the rate and extent of potential recovery. This is
shown in Fig. 11 for the C-cloth electrodes that had been
polarized to different initial potentials and then discharged
at the same current of —1.0mA to the same final potential
of +0.1 V RHE; different recovery rates are exhibited, depen-
dent on the initial polarization potential. The higher the initial
potentials prior to discharge, the greater are the rates of poten-
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Fig. 10. Potential-recovery relations at the C-cloth electrode initiated from
a series of increasing potentials in 5.0 M H>SOy4. The inset shows slopes of
the V vs. logt relations as a function of the initial polarization potential at
the C-cloth electrode, as in Fig. 8.
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Fig. 11. Potential-recovery relations at the C-cloth electrode recorded after
discharging from a series of polarization potentials, +0.5 (), +0.7 (@), +0.9
(A), +1.1 (#) and +1.25V (V), down to the same final potential, +0.1V, in
0.5M H,SO0;4.

tial recovery. This phenomenon is again attributable to the
effects of redistribution of surface charge in the porous C-
cloth material as was demonstrated with hardware RC model
circuits in ref. [24].

3.3.2. Float-current measurement behaviour

Theoretically, float-currents recorded at a certain potential
at a planar electrode should remain constant in time (after
the initial, short d.1. charging transient), matching the spon-
taneous self-discharge current passing at the potential, thus
maintaining the electrode (or cell) atits initial state-of-charge.
Experimental measurements were made by potentiostatically
polarizing the C-cloth electrode to a series of potentials, V,
from +0.6 to +1.1V, and recording the float-current, i¢, which
is found to decay for over 3600 s. Interesting information is
obtained from the data in Fig. 12a—c which can throw new
light on the nature of the self-discharge at the porous, high
specific-area C-cloth (or other porous C materials), as dis-
cussed below.

The first distinguishable aspect of float-current behaviour
at the C-cloth electrode is the long, potentiostatic transition
time, from 20 to 300s depending on applied potential and
also on electrolyte concentration, which is quite different
from that, ps to ms time scales, in potential-step experi-
ments at plane electrodes. This, we believe, is due to two
factors. The first is again the de Levie charge redistribution
effect usually arising at porous electrodes [16] which behave
in essentially different ways from a common plane elec-
trode in terms of charge or current distribution. In a porous
material such as the C-cloth electrode, as we have empha-
sized, the iR-drop is not constant but varies down the pores.
This leads to a “penetration-depth” dependent distribution
of accessible double-layer capacitance which, coupled with
such pore-depth dependent solution resistance, constitutes a
complicated “RC” network [2,16,24]. Then any potential or
charging/discharging signal does not have an immediate and
uniform charging effect on the whole electrode matrix, i.e.
no unique RC time-constant will apply immediately, but time
is required for charge to become redistributed ultimately to a
uniform state-of-charge of the electrode (or a cell). Theoret-
ical calculations based on the work of Posey and Morozumi
[35,36] demonstrate that response time for a porous electrode
is significantly longer than that for a planar electrode having
equivalent capacitance and most significantly that while the
log of the capacitor charging current following a potential
step experiment for a planar electrode declines linearly with
time, it does not for a porous electrode even when no self-
discharge process occurs.

Such behaviour was demonstrated experimentally with
the five-element hardware circuit created in ref. [24]. The
“penetration depth” actually corresponds to a distribution of
depth to which the charging or potential signal can penetrate
the pores and is dependent on the electrolyte conductivity
and diameter/shape of the pores. Hence, the effective RC
“product” for high electrolyte concentrations is smaller than
that for lower electrolyte concentrations, leading to decreases
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Fig. 12. Potentiostatic float-current responses recorded at the C-cloth elec-
trode in three electrolytes ((a) 0.05M, (b) 0.5M and (c) 5M) from six
polarization potentials (+0.6, +0.7, +0.8, +0.9, +1.0 and +1.1V, RHE) for
durations 0-3600s (figures show curves from O to 120s region). Arrows
show directions of increasing initial anodic polarization potentials.

of potentiostatic transient times with increasing electrolyte
concentration as indicated in Fig. 12a—c. The second factor
that causes the large difference in transient charging times
between the porous C-cloth electrode and a common plane
electrode is, of course, the well known, very much larger (but
rate-dependent) capacitance of the C-cloth electrode than that
of plane electrodes of the same superficial area.

The two most interesting parameters in float-current mea-
surements are the float-current, if, and the accumulated
charge, g, at various potentials in the range corresponding to
self-discharge. ir, as expected, is required to balance the self-
discharge rate, while gr represents the extents of charge that
have to be passed into (or from) the porous C-cloth electrode
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Fig. 13. Accumulated charge, determined from float-current experiments
shown in this figure plotted as a function of polarization potentials in 0.05 M
(A),0.5M (@) and 5M (W) H,SOy4.

surface to establish a steady-state of accommodated double-
layer charge at a given potential, associated with a steady
self-discharge or potential-recovery current or rate. Hence,
gr would reflect the extent of self-discharge for porous, high
specific-area C materials. Fig. 13 shows the gr versus V
curves obtained by integration of the if versus 7 transients that
arise from potentiostatic polarization to various potentials as
exhibited in Fig. 13a—c over the time scale of 0-3600 s. Note
that gr increases with both increasing polarization poten-
tials and decreasing electrolyte concentrations, indicating
the increase of self-discharge rate at both higher polarizing
potential and lower electrolyte concentration. These results
are consistent with the open-circuit potential decay/recovery
results discussed in Section 3.3. The rate of self-discharge
increases with V; and also with decreasing electrolyte con-
centration (see Figs. 8 and 10 cf. Fig. 9).

It is also interesting to note from Fig. 13 that g shows
the expected slow increase over the potential range of +0.6
to +1.0'V, but an unexpected, more rapid rise is seen when
V>+1.0V, especially in higher (0.5 and 5M) electrolyte
concentrations (Fig. 13). This is obviously an indication of
a mechanism change in the self-discharge process which
occurs again in the same potential range as that correspond-
ing to the rapid current rise in the CV curve (cf. Fig. 1a),
most probably due to onset of non-capacitative charging of
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the C-cloth electrode, related to O, evolution and/or electro-
chemical damage to the C-cloth (see discussion below).

Another interesting feature of the float-current behaviour
of the C-cloth electrode is the initial float-current magnitudes
(at t=0) and the shape of i—f curves over the duration of the
potentiostatic transient. It is suggestive that two parameters
reflect the “accessible area” of the porous, high specific-area
C electrodes. This supposition is supported by the float-
current responses of the C-cloth electrode in H,SO4 at dif-
ferent concentrations shown in Fig. 12a—c. It is clear that for
higher H,SO4 concentrations, corresponding to larger “pen-
etration distances” down the pores and consequent increased
area accessible for charging of the electrode, the float-current
exhibits larger initial values and shorter transition times, pro-
ducing “high and narrow” i versus ¢ float-current responses
(Fig. 12¢). In contrast, at lower HySO4 concentrations, corre-
sponding to less area of the electrode interface being “acces-
sible”, “low and broad” float-current shapes arise (Fig. 12a).
Hence, float-current measurements can provide a direct and
simple evaluation procedure for selecting optimal conditions
for operating porous, high specific-area C-materials used
for electrochemical capacitors. Experimental results from
extended polarization ranges will provide additional evidence
for this behaviour (see discussion in the next section).

3.4. Electrochemical damage to the C-cloth electrode
under over-charge conditions

Increasing potential usually means an increase of state-
of-charge of a capacitative electrode, including extension to
over-charge conditions. In order to investigate such effects,
a successive series of CVs of the C-cloth electrode, taken
progressively in the positive-sweep direction beyond +0.8 V
(RHE), were recorded as shown in Fig. 14. Extra accepted
charge is obviously realized and, for V<+1.1V, the extra
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Fig. 14. A successive series of voltammograms, taken to progressively more
positive potentials for a C-cloth electrode in 5 M H, SOy at 5 mV s~ ! Inset (a)
shows the voltammograms recorded below positive potential limit of +1.1 V
and inset (b) shows how impedance, Z (=square-root of [(Z)% +(Z")*]),
changes with polarization potentials from measurements at 10 Hz for every
50 mV between +0.8 and +1.35V, RHE.

anodic charge appears to be accumulated reversibly (see inset
(a) of Fig. 14) indicating that the electrode can still keep
good performance in an electrochemical capacitor device up
to this potential limit. Note that, at higher potentials, the
extra anodic charge is not, however, cathodically recovered
until a potential range of ca. +0.6 to +0.2V is reached in
a reversed potential sweep, i.e. the recovery of charge has
become irreversible. Such extra charge, therefore, is unavail-
able for capacitative charge and energy storage corresponding
to the observable low coulombic and energy efficiencies of
such charge/discharge processes.

A common anodic current response is realized for elec-
trodes cycled to a series of upper potential limits less than
1.2V (see inset (a) in Fig. 14). However, for electrodes
cycled positive to 1.2V, the next anodic scan is no longer
coincident with the previous scans. Also, a modified current
peak at ca. V=+0.7 V becomes better defined as progressive
scans are made up to more positive potentials. An isopo-
tential point arises at V=+0.52V as indicated by the arrow
in Fig. 14, which suggests a transformation of species or
functional groups at the C-cloth electrode, i.e. new surface
functional groups are formed at the C-cloth electrode under
over-charge conditions. Such new surface groups may arise
either by oxidation of previously existing surface groups or
by the breaking of outer C—C bonds of the C-structure pro-
ducing new aldo or quinonoid groups which can be oxidized
to carboxyl groups. No matter which processes are involved,
the micro-chemical structure of the C-cloth is changed caus-
ing an increase of the impedance, Z, of the electrode as
shown in the inset (b) of Fig. 14. Z begins to show signif-
icant increases at +1.1V, which is the potential for onset of
overcharge processes. Hence, this potential can be identified
as a limit indicating the beginning of electrode damage if
overcharge is made beyond that value.

In order further to investigate the possible damage of the
C-cloth electrode under over-charge conditions, CV curves
between potential limits of —0.05 to 1.1V, RHE, at various
scan rates were recorded, following polarization of the elec-
trode at +1.6V for 1h. The results are shown in Fig. 15.
Compared with Fig. 1, it is clear that the CV behaviour of
the C electrode is totally changed after over-charge polariza-
tion. As a result of increased iR-drop, the CV curves show
almost totally “resistive behaviour”, even at SmV s~!. Only
by decreasing the scan rate to 1 mV s~!, does the CV curve
begin to regain some capacitative behaviour, especially on
the cathodic scan for V<+0.5 V RHE (Fig. 15). In this case,
the electrode exhibits only very small capacitative response
or charge storage capacity on the anodic half-cycle between
+0.6 and +1.1V, showing high internal resistance and pore
blockage characteristics. It may be expected that the over-
charge oxidation also occurs at the internal micro-pores,
which causes change in their interfaces or micro-porosity,
and blocking of access of the electrolyte ions down into their
double-layer interphases.

The float-current behaviour of the C-cloth electrode after
over-charge polarization (Fig. 16) for 600 and 3600 s is com-
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Fig. 15. Cyclic voltammograms of the C-cloth electrode in terms of capac-
itance response, i/s, in 5SM HaSOy after polarizing at +1.6'V for 1h for a
sequential series of sweep-rates: 1,2, 5, 10 and 25 mV s~!. The arrow shows
the direction of increasing sweep-rate.

pared to that of a fresh electrode in Fig. 12. The initial
float-current magnitudes after such polarizations (curves b
and c in Fig. 16) decline appreciably down to as little as 5% of
that without over-charge polarization (curve a in Fig. 16), and
also the potentiostatic transition time becomes much longer,
up to 3000 s, giving a very “low and broad” float-current pro-
file. These are the characteristics of much lower “accessible
area” of the electrode as discussed in Section 3.3.2, most
probably due to the evidently unavoidable effect of blocking
of nano- or micropores, with resulting increases of internal
resistance, as indicated by the CV curves (Fig. 15).

0.5 A -

0.4 - .

0.3 -

1/ A

0.2 4 -

Fig. 16. Potentiostatic float-current responses recorded at the C-cloth elec-
trode from polarization potential of +1.1 V for a duration 0 to 3600 s (figures
show curves over a range from 0 to 300 s). Pretreatment of the C-cloth elec-
trode: (a) fresh electrode; (b) after polarizing at +1.6V for 600s; (c) for
3600s.

3.5. Optimum potential window for operation of the
C-cloth electrode

By analysis of the successive series of voltammograms
shown in Fig. 14, a number of important quantitative param-
eters about the charge/discharge process of the C-cloth can be
derived and are listed in Table 2. These parameters include the
coulombic efficiency and the ratios of dQ/dV and AQ/AV.
For a capacitative process the ratio dQ/dV is the differen-
tial capacitance (Cq) and AQ/AV is the average capacitance
(Caye) for that process over the potential range AV. dQ/dV
was evaluated on the positive potential sweep and AQ/AV

Table 2

Capacitance and coulombic efficiency values for various potential limits®?-¢

Positive potential limit (V) +0.85 +0.95 +1.05 +1.15 +1.25 +1.35 +1.45 +1.55
Q (%) 99.5 99.0 97.8 95.2 89.8 83.1 74.9 65.9
dQ/dv (Fg™) 238 236 295 426 587 764 898 955
AQ/AV (Fg™h) 235 236 241 264 300 356 425 495
Negative potential limit (V) —0.10 —0.20 —0.30 —0.40 —0.50 —0.60 —0.70 —0.80
Q (%) 100.5 99.9 97.5 94.3 91.0 86.7 83.0 76.8
do/dv (Fg™) 230 298 397 485 451 372 331 327
AQ/IAV (Fg™) 217 227 245 272 294 307 314 327

2 Parameters were calculated based on a starting potential of +0.20 V for positive potential scans and +0.80 V for negative potential scans.
b dQ/dV and AQ/AV (equivalent to differential capacitance, Cy, and average capacitance, Cyye, respectively, for potential < 1.0 V) were calculated from

anodic charge in positive scans and from cathodic charge in negative scans.
¢ Error on Q: £0.5; on (AQ/AV)q and (AQ/AV)aye: £1.
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also calculated from the positive-going direction of potential
change versus potential reversal limit.

The coulombic efficiency is maintained at almost 100% for
V<ca. +1.1 V (CV response is almost that of an ideal capac-
itor); beyond that potential, substantial decreases of coulom-
bic and energy efficiency take place (at potential >+1.1 V the
CV current response shows evidence of a Faradaic compo-
nent).

Significantly, the good overall coulombic efficiency range
(>95%) up to a potential of +1.15V can be used as an indi-
cation of the positive practical potential limit for capacitative
behaviour of the C-cloth electrode.

Over the potential range of +0.8 to +1.0 V (range of near
ideal capacitative behaviour), C4 remains nearly constant
at a value of 235Fg~!. dQ/dV increases when V>1.0V
and reaches 426Fg~! at the positive potential limit of
V=+1.15V. However, when V> 1.15V, though the ratio of
dQ/dV still rises, no reversible chargeable capacitance is real-
ized over this over-charge polarized region as mentioned
above, rather the increased current is primarily the result of a
Faradaic process. Furthermore, and significantly, the coulom-
bic efficiency shows a rapid decrease from 95 to 67% in that
region (Table 2).

Similar to the behaviour upon progressive scanning in the
positive direction in Fig. 14, a successive series of voltam-
mograms with potential-sweep extensions in the negative
direction, were also examined for calculating dQ/dV and
AQ/AV, as well as coulombic efficiency as a function of
negative potential limit. The results are also listed in Table 2,
which lists a negative potential limit for accepted reversible
charging of the C-cloth electrode in H,SO4 as —0.4 V with
ca. 95% coulombic efficiency. dQ/dV rises from 230 Fg~! in
the potential range of +0.2 to —0.2'V up to 485F g~ at the
above limit potential of —0.4 V. Again, as for scans in the pos-
itive direction, the extra charge passed beyond the reversible
negative potential limit is only irreversibly accepted and thus
cannot contribute to true capacitative charge and energy stor-
age.

Note that the achieved capacitance value is dependent
on the charge/discharge rate, as may be expected. Thus,
at the low sweep-rate of 0.1 mV s~! (ca. 0.36C rate), the
capacitance can be expected to increase to more than
320-600 F g~ !.This is a conclusion of substantial practical
significance.

4. Conclusions

The C-cloth electrode used in the present work shows
excellent characteristics for construction of electrochemical
capacitors. Almost reversible anodic and cathodic current
responses are observed in a series of CVs (Fig. 1), correspond-
ing to almost true capacitance behaviour. The electrode can
be cycled with good coulombic efficiencies over the poten-
tial range of —0.4 to +1.15V RHE with high capacitance
of 230—485F g~! at an 18C rate, with good charge accep-

tance and delivery efficiency (>95%). Beyond that potential
range, for both positive and negative potential directions,
extra charge acceptance and delivery is observable, but is
only achievable with substantial loss of coulombic efficiency
coupled with electrochemical irreversibility, leading to poor
energy efficiency in charge/discharge operations.

Because of the high specific-area and resultant fine poros-
ity of the material studied in the present work, “charge
or potential redistribution” and “penetration depth” effects
dominate the processes of charging/discharging, and self-
discharge, and affect float-current measurements. These
effects are dependent on the pore resistance and are deter-
mined by both the charge/discharge rate and electrolyte con-
centration.

Self-discharge at the C-cloth electrode gives linear rela-
tionships between potential and logarithmic time (V versus
logt). However, the rate, dV/d(logf), is not constant but
depends on both the initial polarization potential and the
charging current-density, an effect that is due to the porous
nature of the C-cloth electrode and the consequent, time-
dependent, charge redistribution down the pores. Charging
at smaller current-densities leads to better signal “penetra-
tion depth” and a consequently more uniform charge distri-
bution, i.e. between outer and inner layers of the C-cloth
matrix, thus resulting initially in a smaller self-discharge
rate. Conversely, at a larger current-density, charging takes
place mainly at the outer regions of the electrode structure
and can easily “flow out”, corresponding initially to a larger
self-discharge rate but usually from a smaller capacitance
density.

The it curves obtained in the float-current measurements
for the C-cloth electrode are different from those at traditional
planar, bulk electrodes; potential transition-time scales at the
former are much larger than at the latter. This is again due
to the de Levie “porous electrode effect” [16] and the larger
specific capacitance of the C-cloth electrode. Interestingly,
in float-current measurements, the initial current magnitude
and the transition time, corresponding to the shape of the
current responses in relation to time, are found to be directly
related to the pore resistance (electrolyte conductivity) and
the “accessible area” of the C-cloth electrode. Increase in pore
resistance and related decrease in “accessible area” causes
the i~ responses to be changed from relatively “high and
narrow” curves to ones of “low and broad” shape. The cur-
rent responses in the float-current experiments can therefore
be used as an indicator in the evaluation of carbon materials
for double-layer capacitors, including identifying damage to
electrode performance, e.g. after highly over-charge condi-
tions.
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