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a b s t r a c t

This paper reports on the long-term performance of electrochemical capacitor operating in 1mol,L�1 KI
solution subjected to two ageing protocols, i.e., galvanostatic cycling and potentiostatic floating. Ageing
tests have been performed at similar voltage conditions (1.5 V), estimated from the coulombic and en-
ergetic efficiency as well as the self-discharge analysis. The end-of-life criterion (80% of initial capaci-
tance retained) was the same for both procedures. The influence of the ageing methodology on the
structural and textural changes in electrode material has been discussed. The results obtained allowed
for failure mechanisms description in the floating tests in comparison to traditional galvanostatic cycling.
It has been stated that de facto the structural changes do not diminish the long-time performance.
Notwithstanding, it has been found that galvanostatic cycling has a definitely stronger and detrimental
impact on the carbon structure. Interestingly, both ageing methodologies affect the electrode porosity in
a similar way. The nitrogen adsorption measurements indicated that the specific surface area decrease
correlates with the capacitance fade. Changes observed in the pore size distribution allowed us to
conclude that the porosity of both electrodes is blocked by adsorbed and/or deposited species. It looks
that floating causes higher pore clogging especially for positive electrode.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Recent development in electrochemical capacitors is oriented
towards the improvement of their gravimetric (or volumetric) en-
ergy and power [1,2]. Certainly, the goal is to retain their high po-
wer response at increased energy output as they would compete
with traditional battery systems like Li-ion or Ni-MH [3e5]. In or-
der to increase the amount of energy stored in the system, two
approaches could be followed: boosting the specific capacity by the
faradaic contribution from redox species or extending the voltage
window of the device [6e11]. Such procedures are governed by
equation (I) for symmetric ECs [12,13]

Emax ¼ 1
2
$C$U 2

max (I)
ic), elzbieta.frackowiak@put.
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describing the relation between the specific energy (E), capacitance
(C) and max. voltage of the system. The specific capacitance de-
pends on the electrode material, its porosity, and specific surface
area. Unless the faradaic contribution is not the case, the capaci-
tance of electric double-layer varies between 10 and 50 mF ,cm�2,
therefore, one can expect linear dependence of capacitance value
with the surface of the electrode [1,14e17]. Taking into account the
properties of the activated carbons, being the most often applied
electrode materials, the gravimetric capacitance does not exceed
150e200 F, g�1.

Fortunately, the electrolyte-side approach appears to be much
more prospective [18e22]. All electrochemical capacitors could be
classified into one of three groups by the type of electrolyte used:
aqueous [22,23], organic [24] or ionic-liquid-based [25,26]. When
using organic medium, the max. voltage is relatively high (>2.5 V)
despite the detrimental effect of electrode sub-microporosity [27].
However, their specific capacitance is restricted to 50e100 F , g�1

(expressed per single electrode mass) and due to the limited con-
ductivity of the electrolytic medium (<20mS,cm�1), their power
rate is somehow moderate [28]. Moreover, usually flammable and
toxic solvents, such as acetonitrile or propylene carbonate, raise the
issue of user safety and negative environmental impact. Therefore,
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scientific attention has been attracted by the aqueous electrolytes
and their application in electrochemical capacitors [29]. The con-
ductivity of water-based medium (>50mS,cm�1) ensures the
excellent charge propagation and high specific capacitance values
(100e200 F , g�1) retained even at high current densities [30].
Nonetheless, because of the ‘narrow’ electrochemical stability of
water, their operational voltage window is by principle limited to
1.23 V. The corrosion of current collectors and internal resistance
increase issues cannot be also neglected [31]. Interestingly, the
electrolyte pH can substantially impact the max. voltage. At high
operating voltages, the electrolyte is always being decomposed,
thus, hydrogen and oxygen are produced. These products react
with all cell components and it must result in performance fade and
makes the lifetime shorter. Obviously, at low pH values, the
corrosion process is prone to occur. Although, when noble metal
current collectors are applied (i.e., gold), this process is partially
inhibited. However, the application of noble metals influences the
overall price, therefore, stainless steel has been proposed as an
optimal current collector material.

For all these reasons, water-based solutions of the neutral salts,
i.e., Li2SO4 or LiNO3, emerged recently as high-voltage aqueous
electrolytes [32e40]. Their neutral pH allows the voltage window
to be extended. Increase in their electrochemical stability on porous
electrodes might be explained by the local pH changes (i.e., in
micropores of activated carbon). In such a case, the local over-
potentials improve the overall stability of the electrolyte even up to
1.6 V. In order to prove that the system is really capable to operate
at the voltage claimed, various ageing (or long-term) tests should
be performed [41e50]. Initially, the galvanostatic cycling procedure
was reported. This methodology suggests a sequence of repeated
charging/discharging cycles even up to 1000 000 times. It was
believed that high current regimes should be used (1 or 2 A, g�1) in
order to imitate the harmful conditions for the system. Today it is
known that the advantages of such test might be debatable. Once
high current regime is applied (10 A, g�1), it is impossible to
discuss on the stability of the system because charging/discharging
process is too fast and parasitic side reactions are inhibited. The
ions are capable neither of penetrating the pores nor of returning to
the electrolyte bulk. Furthermore, the ohmic drop at high current
loads is usually remarkable and cannot be neglected. Given that,
one might assume that the ‘real’ ageing process is different. On the
other hand, testing at soft regimes could lead to misleading results
likewise, especially for redox-based systems. It has been found that
mild current loads might promote the reduction and oxidation
processes at the electrolyte/electrode interface (at respective po-
tentials). Apparently, no universal set of parameters for electro-
chemical capacitor ageing controlled by galvanostatic cycling has
been proposed yet [51].

Being on-duty, the capacitors are very often charged quickly and
immediately discharged; however, it never happens up to
1000 000 times at once. Additionally, the time required to perform
such a procedure is very long, usually counted in months. There-
fore, another ageing protocol called floating (or voltage-holding
test) has been proposed [46]. It might be considered as an accel-
erated ageing procedure. However, the principle of this technique
cannot be directly compared with typical cyclability tests done with
galvanostatic charging/discharging. In fact, the floating protocol
includes a set of steps to be followed: the first one is a galvanostatic
charging of the system with the required current density until
certain voltage (Umax). Then, the voltage is retained usually for 2 h
or at least until the leakage current is stable. Then, the system is
discharged in galvanostatic mode and thus the specific capacitance
of the charging/discharging process might be measured. At a first
glance, there is no doubt that the floating protocol is more harmful
to the capacitors than the galvanostatic cycling. At least the
exposure time at high voltages is much longer than for cycling. This
suggests that the processes triggered are of different origin and
there are several possible reasons for performance fade.

In fact, there is no direct answer whether the cycling or floating
protocol is ‘better’ or closer to the real ageing of the system. It
seems that only the comparison of both techniques might bring an
insightful, reliable result. Nonetheless, besides the comparison of
cycling and floating, the explanation of mechanisms occurring
during both techniques for aqueous systems is still missing.
Therefore, several questions require to be answered: what is the
criterion of the floating test which could be comparable with
1000 000 cycles? Does the current density used during charging
the capacitor to the required voltage influence the ageing mecha-
nisms? Why usually only 100 h of the floating test are shown in the
papers?

Undoubtedly, there is no direct answer to these questions.
Therefore, this problem became the point of our interest. How to do
e and are we allowed for e a fair comparison of both techniques?
What is the safety limit that matters? Do the conditions of different
ageing tests influence the final outcome of the measurement?

Our motivation for this research was to bring an insight into
ageing mechanisms in aqueous, redox-based electrochemical ca-
pacitors. We are aware that the subject to be covered is very broad,
and many factors need to be carefully considered. For that reason,
we have divided our work into the parts.

In various papers, one can find a claim that the energy of the
electrochemical capacitors is moderate (if compared to the batte-
ries). In order to enhance the energy output, the implementation of
faradaic contribution is necessary. Although several solid-state
materials (based on transition metal oxides such as MnO2 or
RuO2) have been proposed as ‘pseudocapacitance’ source
[10,19,52e57], the concept of redox-active electrolytes offers many
advantages e improved diffusion in the liquids state, adjustable
redox potentials (by pH and concentration) and commercial feasi-
bility [58e61]. The aqueous solution of iodides (1mol L�1) has been
proposed as a source of high capacitance for carbon-based elec-
trochemical capacitors, owing to their redox activity (I2/2I�) [62].
Despite revealing many advantages, the main drawback is the
limited lifetime of the capacitors exploiting such electrolytic me-
dium. It is worth highlighting that iodides have also been exten-
sively studied in various configurations, either in aqueous solutions
[63], as an additive to other electrolytes [22,64] (including organic
ones) or as a carbon surface modifier. Iodine redox activity is usu-
ally observed on the positive electrode, where the following redox
reaction occurs:

2I�4I2 þ 2e� (1)

According to the Pourbaix diagram, besides the reaction (1),
other processes may simultaneously occur, as they depend on the
pH of the solution:

I� þ I24I �
3 (2)

2I �
3 43I2 þ 2e� (3)

3I2 þ 6OH�45I� þ IO �
3 þ 3H2O (4)

2I �
3 þ 3H2O45I� þ IO �

3 þ 6Hþ (5)

Several operando studies confirmed, that the redox activity of
iodine on carbon electrode provokes the surface functionality
changes and affects the overall performance [61,63,65,66].
Furthermore, the concentration and kind of the iodine-based spe-
cies at the interface changes in time e at elevated potentials
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polyiodides (I3�, I5� and I7�) are most likely formed. Therefore, it is
essential to study the long-term behaviour, as their exceptional
features may be diminished in time. It has been already stated that
(poly)iodides might be confined into the porosity of the positive
electrode [66]. They can be also ‘activated’ during electrochemical
cycling; that results in the ‘increase’ of specific capacitance [67] but
shortly after the performance fades very quickly. This suggests that
the mechanisms might be really different. We believe that the
improvement of the long-term performance comes from deep
understanding of the ongoing processes. For that reason, we pro-
vide a comprehensive electrochemical study on this topic sup-
ported by physicochemical investigations.

2. Experimental

Symmetric electrochemical capacitors with stainless steel 316L
current collectors have been assembled with carbon cloth elec-
trodes KYNOL 507-20 (10mmdiameter, themass of ca. 9.5mg). The
material has been selected as a self-standing electrode, in order to
eliminate the detrimental influence of binder on the electrode
porosity [68]. Whatman GF/A glass fibre with a diameter of 12mm
and thickness 260 mm played a role of the separator. Laboratory
scale system Swagelok® consists of Teflon® body cell, 2 small and 2
big gaskets and 2 caps. Potassium iodide provided by Sigma-Aldrich
(ACS grade) served for preparation of 1mol,L�1 solutions. The so-
lutions were prepared shortly before the experiments and were
colourless. All measurements have been conducted in properly
sealed Swagelok® cells. Moreover, during disassembling of the cells,
wet electrodes were taken out from the systems.

For the hybrid capacitor, 1mol L�1 aqueous solution of KI (pre-
pared as described above) has been used for the positive electrode.
For the negative electrode, 0.5mol L�1 aqueous solution of K2SO4
(Sigma-Aldrich, ACS grade) has been prepared. The electrodes were
soaked with appropriate electrolytes, separated by Nafion® 117
(Sigma-Aldrich) membrane and assembled in the Swagelok® cell.

Physico-chemical analyses of both carbonmaterial (porosity and
structure) and electrolyte (pH and conductivity) have been per-
formed prior to the electrochemical measurements. The systems
were aged with two protocols: galvanostatic cycling and potentio-
static floating. Specific capacitance values have been controlled in
time together with internal resistance and are expressed per mass
of one electrode. After reaching 20% capacitance fade, the systems
were disassembled. The carbon aged electrodes were cleaned with
distilled water and n-hexane to remove the residue from electro-
lyte. Nitrogen adsorption/desorption was performed at 77 K
(Micromeritics ASAP 2460). Calculations of the respective pore size
distributions were done by 2D NL-DFT model with heterogeneous
surface using SAIEUS programme from Jacek Jagiello [69e71].
Raman spectroscopy with 633 nm laser (DXR™ 2 Raman Micro-
scope Thermoscientific) was carried out to monitor structure
changes. The flow chart of experiments is presented in Fig. 1.

Fig. 2 represents the methodology of two ageing techniques
used, i.e., cycling and floating. In order to qualitatively and quanti-
tatively characterize the systems, cyclic voltammetry (denoted as
CV), electrochemical impedance spectroscopy (EIS) and galvano-
static charging/discharging techniques have been used.

As one can see in Fig. 2, the floating procedure consists of more
steps than cycling, because voltage holding test is followed by three
full galvanostatic charging/discharging cycles. The current density
used for charging the system up to the required voltage is the same
as current density utilized in cycling measurements. In the cycling
protocol, a set of 500 full galvanostatic charging/discharging cycles
was conducted as one loop of the ageing procedure. In order to
evaluate the qualitative performance, CV profiles within 0.0 ÷ 0.8 V
and 0.0 ÷ 1.5 V voltage range have been recorded with the scan rate
of 5mV s�1. EIS has been conducted in the frequency range
100 kHze10mHz at the capacitor voltage of 0 V, in order to keep
the electrodes at the same potentials. Specific capacitance values
have been calculated from each galvanostatic discharge curve (in-
tegral values). After reaching end-of-life criterion, i.e. 20% of initial
capacitance loss, the systems were stopped, disassembled and
analysed physicochemically.

3. Results and discussion

3.1. Determination of an operational voltage

Prior to the ageing procedures, fundamental electrochemical
tests have been performed. In order to estimate the optimal oper-
ating conditions, the gradual extension of the voltage window in
three-electrode set-up (two-electrode cell with the reference
electrode) was done. Usually, the capacitors with iodide-solutions
are claimed to work at the voltages up to 1.4 V [7,61,66,67,72e75].
However, as in the redox-based systems the applied voltage in-
fluences the electrochemical behaviour, the most ‘harmful’ condi-
tions have been selected in order to evaluate the operation limits.
Therefore, the capacitor voltage of 1.5 V, characterized by 90% of
coulombic efficiency retention and energetic efficiency higher than
60% have been selected. The efficiency values were calculated from
the galvanostatic charging/discharging process at a current load of
0.1 A ,g�1. Moreover, self-discharge (SD) of iodide-based ECs until
1.5 V is similar to the ECs with 1mol,L�1 lithium sulphate, what
leads to the conclusion that redox species are strongly attracted to
the carbon surface. After exceeding 1.5 V the voltage drop is
dramatically high for ECs with 1mol,L�1 KI what proves, that this
voltage is a maximal possible operational voltage window.

For 1.2 V capacitor voltage, normally claimed as a ‘safe’ limit,
both coulombic and energetic efficiency values are higher than 90%.
However, for the systems with iodides playing the role of redox-
active additive, the operational voltage is very often higher than
1.2 V. For that reason, the cut-off voltage in our study has been
selected to be equal to 1.5 V.

In Fig. 3A, cyclic voltammetry profiles recorded for a gradual
cut-off voltage increase are presented. At 0.8 V, the curve is char-
acterized by the redox-indicating shape and deviates from the
typical rectangular profile. It can be seen that in the very narrow
range of voltage (up to 1.0 V), pure electrostatic attractions play a
major role in the charge accumulation process and are reflected in
the rectangular shape of CV. Above 1.0 V, the specific capacitance is
not linear along the voltage. This increase results from iodide/
iodine redox activity. In galvanostatic charging/discharging profile
(Fig. 3B) one can identify different charge storage mechanisms in
electrodes. The positive electrode (red dashed line) operates in a
very narrow potential range imposed by the redox activity of io-
dides (I2/2I�). Therefore, it is the so-called battery-type electrode.
The negative electrode (blue dashed line) reflects typical electro-
static interactions - ions are electrostatically adsorbed and des-
orbed during charging/discharging process. However, for the full
cell (black line) the redox contribution cannot be easily
distinguished.

Besides, by comparison of the data represented in Fig. 3A and
the profile in Fig. 3B, it may be also concluded that the current
density influences the efficiency of charging/discharging process
slightly: for 0.1 A ,g�1 current load the coulombic efficiency was of
90%, while for 1 A, g�1 is at the level of 88%. Apart from the fact that
it confirms very good charge propagation in iodide-based systems,
it indicates that the current load does not play a significant role in
performance fade (for the selected experiment conditions).
Therefore, for the sake of time, 1 A, g�1 current density has been
selected for the ageing tests with capacitor voltage of 1.5 V.



Fig. 1. Scheme of physicochemical analyses performed on electrode material after the ageing process.

Fig. 2. Scheme of ageing protocols (A) galvanostatic cycling and (B) floating.
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3.2. Floating and galvanostatic cycling tests

Electrochemical capacitors have been tested for long-term per-
formance by two differentmethodologies described previously. The
end-of-life criterion has been defined as 20% of initial capacitance
loss.

For qualitative comparison of the effects coming from both
ageing techniques, cyclic voltammetry curves (5mV s�1) have been
recorded and are presented in Fig. 4A.

It could be noticed that CV profile recorded after cycling test
(Fig. 4A) is characterized by very good charge propagation. More-
over, no qualitative change of redox activity is observed. This is not
the case for the capacitor subjected to the floating test: the CV
profile is ill-defined and reflects the strong change of capacitor
performance (more resistive character). In this case, the system is
exposed to long-term polarization at highmaximumvoltagewhere
all parasitic reactions can take place. The redox activity has been
shifted towards lower potential values and the corresponding peak
is observed at the low capacitor voltages due to pH changes. This is
in accordancewith our previous remarks [58,72,73] and reflects the
changes in the electrochemical processes ongoing in the system,
reflected by the peaks appearing near 0 V (Fig. 4A). One can assume
at least the following reasons for such a response. The major one is
related to the redox activity of I�/I2 pair. It has been already noticed
that pH of electrolytic solution shifts from neutral to slightly alka-
line. Hence, the potential ranges of individual electrodes change
and accordingly the redox activity of iodine/iodide couple shifts
towards more negative values. Moreover, we cannot exclude the



Fig. 3. Energetic and coulombic efficiency calculated from galvanostatic charging/
discharging at 0.1 A ,g�1 (A) with cyclic voltammetry profiles at 2mV s�1 (inset) for
capacitor operating with 1mol,L�1 KI aqueous solutions; (B) galvanostatic (1 A ,g�1)
profile for capacitor voltage 1.5 V and corresponding electrode profiles.

Fig. 4. Comparison of floating and cycling tests: A) cyclic voltammetry at scan rate
5mV s�1 for fresh and aged systems; B) change of the relative capacitance vs. ageing
time.
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oxidation of carbon electrode into quinone/hydroquinone groups
after long-term floating (proved bymore resistive character). Such a
redox couple gives the same electrochemical response [72].
Therefore, these two redox pairs should be considered. Addition-
ally, hydrogen electrosorption on the negative electrode cannot be
completely omitted taking into account that electrolyte turns into
slightly alkaline. Hydrogen stored normally desorbs at low capac-
itor voltages (negative electrode potential near rest potential, E0).
Such peaks were observed for various aqueous electrolytes and
have been confirmed by 3-electrode investigations [63].

Moreover, the capacitor subjected to the floating procedure
demonstrates remarkably higher resistance. Thus, the qualitative
comparison between those two ageing tests reveals noticeable
differences between their mechanisms. Of course, the experiment
time is different for cycling (315 h) and floating test (120 h) until the
same result has been reached: 80% of capacitance. In Fig. 4B, the
capacitance retention is shown vs. experiment time. Definitely, the
floating is an accelerated ageing procedure in comparison to cycling.
Furthermore, it seems that this test is less sensitive to the experi-
mental conditions (e.g., temperature fluctuations) than the other
techniques (CV and EIS) performed between the voltage hold steps.
Since the capacitance values slightly increase between the voltage
hold steps and galvanostatic cycling loops, it could be considered
that cyclic voltammetry ‘refreshes’ the system. Such a ‘self-healing’
phenomenon indicates that some side-reactions might be
reversible. However, taking the average of relative specific capaci-
tance fluctuations, it could be seen that up to 240 h of operation it is
ca. 100% retention, but after it starts to drop gradually. Thus, it can
be concluded that floating is much more ageing-effective for the
system as its operation time for reaching the same end-of-life cri-
terion is almost 3 times shorter than in the case of cycling.

Besides the qualitative insight provided by cyclic voltammetry, a
quantitative comparison was done. All the charge passing through
the system separately during charging and discharging processes
has been calculated from all electrochemical techniques performed
according to the protocols (Fig. 5).

It is clear that during floating test much more charge is
consumed during ‘charging’ (including voltage hold steps) than
'discharging'. It means that some charge is used for side reactions or
electrolyte decomposition processes. As the resistance in the sys-
tem increased, it has been assumed that this difference of charge
results from the oxidation of the electrode material or formation of
‘by-product’ layer on it. This was confirmed by post-mortem anal-
ysis discussed later in the manuscript. Contrarily to the floating test,
for the cycling procedure, the amount of charge is somehow
equilibrated during charging and discharging processes. One
should notice that an overall charge is twice higher than in the case
of the floating experiment. Interestingly, this value is in accordance
with the time ratio of both tests.



Fig. 5. Charge flowing through the system during cycling and floating protocols.
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Since it was observed that floating induces some extra resistance
in the system, electrochemical impedance spectroscopy has been
performed. Fig. 6 presents the Nyquist plots recorded for the fresh
system and for the systems subjected to ageing.

The capacitor before the ageing procedure is characterized by
equivalent series resistance (ESR, measured at 100 kHz) of 0.42
Ohm. For the frequencies higher than equivalent distributed
resistance (EDR), the curve resembles the characteristic profile for
electrochemical capacitors based on porous activated carbon elec-
trodes with well-visible diffusion contribution. The resistance of
the cell subjected to the galvanostatic cycling procedure does not
change significantly (as noticed on the voltammograms). The ESR
slightly shifts to 0.53 Ohm, so only 25% increase is recorded. In the
high frequency range, plots are overlapping but for the low fre-
quency range, the profile deviates from the parallel position. This
Fig. 6. Nyquist plots recorded for capacitors operating with 1mol,L�1 KI solution
before (black line) and after cycling (orange); floating (green). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of
this article.)
indicates that not only a pure electrostatic attraction occurs and
definitely there is a redox contribution to the charge storage
mechanism. The curve recorded after the floating experiment is
definitely different. At a first glance, significant resistance increase
is observed. ESR changed from 0.42 to 1.77 Ohm (320% increase).
According to the International Standard IEC 62391-1:2015, an in-
crease of 100% is a limiting factor of a lifetime of the electro-
chemical capacitor. Moreover, a large semicircle is observed, and
the curve deflects. This indicates a performance failurewhichmight
have several reasons. Firstly, the oxidation of carbon electrode and
incorporation of polyiodides into carbon matrix must be consid-
ered [61,63,66]. Polyiodides are not well dissolved in water, but KI
solution is their good solvent, e.g., I3� solubility in KI is equal to
8mol L�1. However, amount of KI solution in the cell is limited,
additionally KI is consumed for I2 formation, hence, after long-term
cycling, a solid-state deposit of polyiodides can precipitate. Pres-
ence of deposit on the aged electrodes was clearly proved by SEM
images. Eventually, some deposits from the electrolyte-redox re-
actions (like KIO3) might be considered [58,65]. It needs to be
noticed that several iodine-based species can be involved in pre-
cipitation process. However, taking into account their solubility
values in water at 25 �C: 112 g/100mL (K2CO3), 9.16 g/100mL
(KIO3), 0.42 g/100mL (KIO4) and 0.3 g/100mL (I2) only KIO3 or KIO4

can form a deposit. Nonetheless, according to the Pourbaix diagram
IO4

� creation requires extremely high potential what does not take
place in a symmetric system. Additionally, during long-term per-
formance, a bulk of the electrode tends to be strongly alkaline (pH
ca. 11e12) what could trigger KIO3 formation in the microporosity
according to the Pourbaix diagram. Considering all the data, we
assume that potassium polyiodides seem to be the main compo-
nent of solid-state deposit but traces of mixed salts (iodate/car-
bonate) cannot be completely excluded. The final conclusion is that
the floating is more harmful test than galvanostatic cycling.

3.3. Post-mortem physico-chemical analysis of electrodes by N2

adsorption/desorption and Raman spectroscopy

After performing ageing measurements, a set of post-mortem
physico-chemical analyses of electrode materials has been done
(Fig. 7). In order to correlate the electrochemical changes with
certain structural or textural differences, the results obtained for
respective electrodes have been compared to the pristine carbon
cloth. Firstly, nitrogen adsorption/desorption isotherms were
collected in order to verify changes of the specific surface area SBET
(calculated by BET equation in the relative pressure range p/p0
0.01e0.05 in the linearity region) and S2D-NLDFT as well as the pore
size distribution modification.

A decrease in specific surface area is noticeable as indicated in
Table 1 where SBET and S2D-NLDFT are presented. It can be observed
that SBET[ S2D-NLDFT; however, trends between relative values are
the same, being irrelevant to the calculation method applied.
Therefore, both electrodes contribute to the ageing process. How-
ever, the differences between cycling and floating ageing are
insignificant, especially for negative electrode.

To some extent, it was quite surprising since the iodides have
been considered to affect positive electrode surface only. These
results indicate that iodides (in their various forms) are most likely
present on both electrodes. It seems that they block the access to
the microporosity. This could result in a decrease of the specific
surface area. Interestingly, both ageing tests diminish the surface in
a similar manner considering pore size distribution. Therefore, the
only decrease of the specific surface area influences the perfor-
mance of the device during long-term analysis, and no decompo-
sition reactions of aqueous electrolyte are expected to occur
(hydrogen and oxygen evolution).



Fig. 7. Post-mortem physico-chemical analysis of electrode materials: A) and B) N2 adsorption/desorption isotherms for positive and negative electrodes with SBET values; C) and C)
pore size distribution form 2D-NLDFT for both electrodes; E) and F) Raman spectra for both electrodes.

Table 1
Specific surface area calculated by BET or 2D-NLDFT method for pristine carbon cloth and electrodes after ageing.

SBET [m2,g�1] Relative SBET [%] S2D-NLDFT [m2,g�1] Relative S2D-NLDFT [%]

Pristine carbon 1841 100 1697 100
Positive electrode after cycling 1068 58 920 54
Negative electrode after cycling 1336 73 1120 66
Positive electrode after floating 789 43 692 41
Negative electrode after floating 1264 69 1083 64
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For the positive electrode after the floating test, the calculated
specific surface area is the lowest. It seems that ions are forced to
penetrate the porous structure deeply and then they are trapped
there. Since there is no reversed polarization (as for cycling), the
porosity seems to be blocked irreversibly. For the negative elec-
trodes, the isotherms obtained are almost overlapping each other. It
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means that whatever the ageing method, some species block the
porosity. Thus, it is assumed that iodides/polyiodides reveal the
affinity not only to the positive electrode but generally to the car-
bon surface what needs to be considered in a symmetric device.

These findings are reflected in changed pore size distribution
(PSD). Interestingly, the change is found only for the volume of
pores, not their particular distribution. It can be seen that the
maximum of PSD curves related to the average micropore diameter
is located at the same points, with almost negligible shifts (also
confirmed by Raman spectroscopy). Finally, the porosity analysis of
the electrode material is in accordance with electrochemical data
(20% of specific capacitance fade). However, the increase of resis-
tance during the floating test could not be explained by this type of
analysis.

In order to verify whether the ageing conditions cause the
structural changes, the Raman spectra have been recorded. For the
pristine carbon cloth, it is shown that ID/IG ratio is higher than 1. It
provides information that such material is microporous with a high
disorder degree. Structural changes do not vary between positive
and negative electrodes remarkably. However, a noticeable differ-
ence could be observed when comparing electrodes after cycling
and floating experiments. After long-term voltage hold, the elec-
trode structure has been changed slightly as ID/IG ratio increased
(Table 2). It results from increased intensity of 'disordered' peak
(1350 cm�1) and/or decrease the intensity of ‘graphitic’ peak
(1580 cm�1). It confirms the previous assumption that forcing the
ions to penetrate the electrode deeply, changes the interlayer dis-
tance between graphene layers in the carbon matrix. Furthermore,
a slight shift of D-band (ca. 3 cm�1) might confirm that finding and
support the PSD results, indicating a small shift in the pore size
distribution. It seems that repeated adsorption and desorption of
ions significantly modifies the structure of the carbon material.
However, on the spectrum, it can be seen that the intensity of G
peak decreases noticeably. It means that reversible ion fluxes
(during cycling) affect the carbon structure much more than deep
penetration enforced during floating.

Therefore, both ageing tests differ in governing mechanisms
that might be correlated with different ion movements influencing
the carbon structure. However, electrochemical fade corresponds to
the porosity changes and this is the main reason for the perfor-
mance deterioration.
3.4. Improvement of the long-term performance for the
electrochemical capacitor with iodide-based electrolyte

As it has been stated that capacitance fade is correlated with
decreasing of SBET for both electrodes, the idea of blocking the io-
dide movement towards negative electrode appeared. Our moti-
vation herewas to ‘protect’ the negative electrode against the redox
activity of iodides, which might occur when the system tries to
equilibrate an enormous imbalance in the electrode potential
ranges. Therefore, the concept of ‘hybrid’ system has been pro-
posed: the electrolytes for the positive and the negative electrode
have been separated by a selective, cation-exchange membrane. In
Table 2
ID/IG ratio for pristine carbon cloth and electrodes subjected to ageing
protocol.

ID/IG

Pristine carbon 1.24
Positive electrode after cycling 1.35
Negative electrode after cycling 1.33
Positive electrode after floating 1.28
Negative electrode after floating 1.29
such a case, only the cation is enabled to move between both
electrodes. For this purpose, the 0.5mol,L�1 solution of K2SO4 has
been utilized as the electrolyte for the negative electrode. The
concentration results from the solubility value of K2SO4 in water.
Positive electrode operated in 1mol,L�1 KI solution. Symmetric
Swagelok® cells have been assembled and the same procedure for
the floating test has been conducted. The first improvement is
visible in the operation time (Fig. 8A).

After 120 h of floating test of the symmetrical systems, 80% of
specific capacitance has been retained, while for the hybrid system
still 87% has been found. It is almost 10% gained in comparison to
the standard construction. Furthermore, after the same time of
operation, no increase of internal resistance and deterioration of
charge propagation is observed. Only the redox activity of I2/2I�

pair shifts towards lower voltage values, but it may be related with
the floatingmechanism. The main advantage of this hybrid concept
is presented on the N2 adsorption/desorption curves in Fig. 8B. It
seems that for the symmetric cell, the negative electrode was
affected by the iodide confinement, as the iodide-based species are
supposed to be inactive on this electrode during capacitor opera-
tion. Therefore, the specific surface area decreased (from
1841m2,g�1 to 1264m2 ,g�1, i.e. 31% decrease), and the
Fig. 8. Improvement of the long-term performance of redox based electrochemical
capacitor: A) relative capacitance vs. time; inset: cyclic voltammograms at 5mV s�1 for
fresh system (plain black line), aged symmetric system (dashed blue line) and aged
hybrid system (dashed violet line); B) N2 adsorption/desorption isotherms for the
negative electrodes with SBET values. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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capacitance fade has been observed. After implementation of the
cation-exchange membrane, blocking the iodide transfer to the
negative electrode ‘compartment’, and different electrolyte for the
negative electrode, the change of specific surface area is much
smaller (from 1841m2,g�1 to 1547m2 ,g�1, i.e. 16% decrease). After
120 h operation of such a hybrid capacitor, the specific surface area
is retained at 1550m2,g�1, while it was 300m2,g�1 less for the
symmetric system. Therefore, blocking of specific surface area drop
on the negative electrode improves overall performance of the
electrochemical capacitor. This proves our statement concerning
the reasons of performance for in ECs operating with 1mol,L�1 KI.
However, the cation-exchange membrane has not been designed
especially for this purpose. Thus, we assume that applying various
types of semi-permeable membranes would still improve the long-
term performance. An implementation of the hybrid system is
beneficial and does not significantly influence the specific capaci-
tance of redox-based system.

4. Conclusions

The possible reasons for performance fade in electrochemical
capacitors operating with redox-active electrolyte (1mol,L�1 KI
solution) have been identified and discussed. It has been shown
that for such systems both ageing procedures, i.e., cycling or
floating, impact in a different way the time of operation, structure of
electrode and resistance of the total cell.

The floating test has been found to be more detrimental for the
system, essentially by triggering the redox-based side-reactions
and accelerating ageing of the system. It has been shown that the
charge is consumed for side reactions and therefore, the resistance
of the system increased. The origin is sought in the presence of
polyiodide solid-state deposits blocking the access to the micro-
pores. However, mixed salts iodates/carbonates cannot be
completely excluded.

Cycling test takes longer time and does not influence the resis-
tance of the cell remarkably. However, it has been found that the
change of the carbon structure is more pronounced for this test.
Here, the reason is sought in the ionic fluxes accessing and leaving
the pores in the electrode bulk.

The specific capacitance fade is strictly correlated with specific
surface area decrease. For both tests, similar SBET and S2D-NLDFT
changes have been observed for the same level of the capacitance
fade.

Iodide/polyiodides anions hinder the access to the porosity on
both, positive and negative, electrodes. Therefore, the improve-
ment of the long-term performance is based on blocking iodides
movement towards the negative electrode.
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