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In this work, we report on the performance of carbon-based electrochemical capacitors operating in an aqueous
solution of potassium selenocyanate (KSeCN) as redox active electrolyte, applied for capacitance and energy
enhancement. The source of faradaic contribution is pseudohalide anion, SeCN ~, demonstrating reversible redox
reaction on the positive electrode. Since the standard potential of SeCN™/(SeCN),/(SeCN)5™ is close to the I"/I,/
I3” redox couple, the capacitor demonstrates similar hybrid operation. With cost-effective stainless steel (SSt)
current collectors, the system displays high capacitance 43 F-g~* (0.5 A-g~") and performs at 1.4 V (1 A-g~ ") for

9 000 cycles with 90% capacitance retention.

1. Introduction

Electrochemical capacitors (ECs), also called supercapacitors or ul-
tracapacitors, are energy storage devices demonstrating moderate en-
ergy density, extremely short charging/discharging time and high
power [1,2]. The application span of ECs covers large-scale and heavy-
duty applications such as stabilization of conventional power grids
(induced by fluctuations in electricity production/consumption) [3,4].
ECs can also greatly support the regenerative braking systems in
“green” vehicles, claimed to reduce fossil fuel consumption and
greenhouse gases emission. Besides large scale applications, capability
for high power rates makes their application in smart-technology de-
vices attractive as well, since their presence shortens the charging time
of portable equipment from hours to minutes or seconds [5,6].

Although various constructions and technologies of ECs have been
developed to date [7-20], electric double-layer capacitors (EDLCs) are
the original concept and are still the subject of dynamic development.
The advantage of EDLCs’ charging performance, in preference to the
batteries, originates from the difference between physical and chemical
mechanisms responsible for charge storage process. This substantial
difference stays at the origin of various application fields for electro-
chemical capacitors and batteries. Furthermore, it explains why the
context of competition for power/energy densities between these two
technologies is non-reasonable.

In principle, electric double-layer capacitors exploit fast, physical
electrostatic attractions of ions from the electrolyte onto the electrode
surface. Such interfacial organization is called the electric double-layer
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(EDL) and is known since more than a century. Of course, the physical
nature of that kind of interaction implies the "modest" energy density
stored in EDLCs. However, one should be aware, that the energy ac-
cumulated in that way can be delivered very quickly (up to seconds)
since no chemical or electrochemical reaction is involved in the storage
mechanism. Furthermore, no structural changes (theoretically) in the
electrode material impose the excellent cyclability (up to 1 000 000
charging/discharging cycles).

Another mechanism introduced to electrochemical capacitor tech-
nology exploits the redox reactions (i.e., chemical conversion) of
electro-active components in the electrode or electrolyte bulk.
Unfortunately, these processes are time-limited either by the reaction
kinetics or diffusion of reacting species [21] and aggravates the power
rate remarkably. However, incorporation of redox-based processes to
the energy storage mechanisms improves the energy density and moves
the capacitors closer to the conventional batteries — with all their ad-
vantages and drawbacks (such as limited cyclability).

As already mentioned, the capacitive energy storage is not a
“novel”, “extraordinary” and “outstanding” concept. Electrochemical
capacitors might be thus considered as the next generation of conven-
tional dielectric capacitors, where the low-surface electrodes (up to
10m? g~ !) have been substituted by porous materials with well-de-
veloped surface area (up to 2200m? g~ 1), as the capacitance C in-
creases linearly with the electrode/electrolyte interface surface (until
“saturation” point, where the screening effect of the thin pore walls
starts to play a negative role) [22-28].
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Since the increase of EDLCs’ capacitance has been achieved mostly
by the development of the electrode/electrolyte interface, the applica-
tion of electrodes based on high surface area activated carbons (ACs)
became a leading technological strategy [29-40]. These materials are
well-conductive, light-weight, eco-friendly and cost-effective
[1,2,37,39-47]. It is worth noting here that caution shall be taken when
the specific surface area and corresponding pore size distributions are
reported and correlated with electrochemical data. It should be clearly
stated that the BET equation is a powerful tool for estimation of the
specific surface area, however, for highly microporous materials it
might reflect confusing and quite often overestimated results. Only the
combination of several techniques (gas adsorption, immersion calori-
metry) allows for a reliable determination of that value [26,48-51].
Moreover, the specific surface area cannot be considered as the elec-
trochemically accessible one, since the wettability of carbon (and
porous materials) is usually limited. In this aspect, the specific capaci-
tance of the EDL, ranging from 20 to 50 uF-cm™2, could serve as a
controlling factor [42].

Taking into account the formula for the total energy stored in a
capacitor, E:

E= %Cdevice u? )
where C is the capacitance of the device (not the electrode), U is the
max. Operating voltage, it appears that the kind of electrolyte applied
plays an important role.

In this place, it is worth mentioning that one must not apply Eq. (2)
if the C value is for a single electrode. In the simplest case, if the specific
energy is calculated for the symmetric system (i.e., composed of two
identical electrodes), one should apply the following formula:

C=

1
E= gcelec[rode U? 3)

as the specific capacitance of symmetric system, where the capaci-
tance of positive and negative electrode is described by Egs. (4a—d):
1 1 1

Cdevice C+ electrode C- electrode (43)

Crelectrode = C-electrode = Celectrode (4b)
11 12

Cdevice Celec[rode Celectrﬂde celectrode (4C)

Cevice = 5 electrode (4d)

If Corecirode iS given as a specific capacitance (F-g~ 1), resulting in
specific energy (in J-g~ 1), one must take into account the mass of two
electrodes (i.e., divide by 2) in a full device, therefore:

111
E= E(E'Ecelectmde)Uz

(4e)
so gives Eq. (3). It should be clearly stated that Eq. (4e) should be
used for approximate estimation of the specific energy accumulated in
the device if the specific capacitance of a single electrode in a sym-
metric system is known. One cannot use Eq. (3) for the calculations
concerning asymmetric systems (i.e., built from electrodes of different
capacitance) or hybrid systems. Furthermore, one should be aware that
the results from three-electrode experimental set-up do not allow for
reliable energy estimation. Indeed, energy is stored in two electrodes.
Despite this is a quite intuitive conclusion, there are still many papers
reporting the specific energy for the electrodes. Such practice, although
mathematically possible, does not have any practical meaning.
Commercial ECs operate most often with organic electrolytes or
ionic liquids [52]. Aprotic medium ensures high energy density because
of the high operating voltage values, namely 2.5-3.0V for organic
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solvents based on acetonitrile and propylene carbonate or 3.0-3.5V for
ionic liquids [1,2,17,18,20,39,53-66]. However, the manufacturing of
ECs with organic electrolyte requires ultra-dry components (electrodes
and electrolytes), assembled in an inert atmosphere (oxygen and
moisture-free). Hence, the initial cost of the investment is relatively
high.

In contrast, aqueous electrolytes are a low-cost and eco-friendly
alternative. Furthermore, conductivity of water-based formulations is
noticeably higher than for organic ones. However, the capacitors op-
erating with aqueous electrolytes suffer from poor energy density im-
posed by restricted operational voltage. The reason for that is electro-
chemical stability of water (1.23 V). In practical terms, the maximum
voltage differs with electrolyte pH; for acidic (H,SO,4) and alkaline
(KOH) aqueous electrolytes the voltage does not exceed 1.0V [67].
Interestingly, for pH neutral electrolytes, the max. voltage is re-
markably higher: 1.6V for the capacitor operating with 0.5 mol-L ™!
Na,SO, [68,69] solution or even 2.0V for 1 molL ™! Li,SO,4 solution
with gold current collectors [70,71]. Commercially applicable stainless
steel (SSt) current collectors allow the maximum voltage of 1.5V for 1
mol'L.~! Li,SO, to be reached [72]. In this aspect, one should pay at-
tention that the kind of current collector has a remarkable impact on
the overall ECs performance and caution shall be taken during the se-
lection of the material for that part of the device. In a long-term per-
spective, corrosion-related issues start to impede the overall perfor-
mance of the device [72-80].

Despite the voltage of the devices operating with pH-neutral elec-
trolytes is relatively high, the energy delivered is not satisfactory. As a
consequence of Eq. (2), another strategy for energy improvement is
focused on the “enhancement” of the capacitance by the contribution of
capacitive faradaic current (so-called pseudocapacitance) and/or non-
capacitive faradaic current (redox) [81-85]. Recently, the "pseudoca-
pacitance" term is largely overused, mostly for the materials demon-
strating typical battery-like performance. In the original concepts
[86-89], pseudocapacitive materials included selected transition metal
oxides such as RuO,, MnO, [90] and conducting polymers [91]. De-
tailed mathematical description of the pseudocapacitance effect, fol-
lowed by insightful discussion has been presented in [92,93].

It has to be noted, that “pseudocapacitance” term concerns the
electrode, not the device; hence, the term “pseudocapacitor” is not re-
commended. Detailed discussion on the pseudocapacitive effects, ac-
companied by the list of good practices in reporting the electrochemical
data are provided elsewhere [82,94].

Although non-capacitive, the contribution from redox activity of the
electrolyte solution appears to be an interesting idea. Primarily in-
troduced for iodide-based electrolytes [95-97], the concept of redox-
active electrolytes is recently developed in several ways:

1) by their impregnation in AC-based electrodes [98-100],

2) by grafting electroactive species on activated carbons applied as
electrode material [101-107],

3) formulation of new redox-active electrolytes [95,96,108-113].

The most dominant redox-couples, considered in many reports, are
quinones (Scheme 1) with ketone functionalities reduced to hydroxyls,
preferably in two-electron reaction. This group includes various
monocyclic quinones, listed below, together with their reduced forms:

1) 1,4-benzoquinone (Q, 1a) /1,4-dihydroxybenzene (hydroquinone,
HQ, 1b) characterized by redox-favored substituent positions
[108-110], its less active isomer 1,2-benzoquinone (3a) /1,2-dihy-
droxybenzene (catechol, 3b) [103,110] and thermodynamically
impeded 1,3-benzoquinone diradical (2a) /1,3-dihydroxybenzene
(resorcinol, 2b) [110];

2) substituted quinones like tertachloroquinone (TCQ, 4a) /tetra-
chlorohydroquinone (TCHQ, 4b) [99] or dibromoquinone (5a)
/dibromohydroquinone (5b) [110].
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Scheme 1. Redox activity of various organic molecules.

Tricyclic quinone derivatives, anthraquione (AQ, 6a) /dihydrox-
yanthracene (DHA, 6b) [99,101,102] are also popular, as well as their
substituted analogues: 1-chloroantraquinone (7a) /1-
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chlorodihydroxyanthracene (7b) [104], 1,5-dichloroanthraquione
(DCAQ, 8a) /1,5-dichlorohydroxyantraquinone (DCHAQ, 8b) [99].

These organic compounds were reported to require acidic electro-
lyte since protons are necessary for the reaction [110]. The same
medium is required for triggering electro-activity of redox-indicators
like indigo carmine (9a, b) or methylene blue (10a, b) [114,115]. The
Q/HQ redox couple is inactive in neutral electrolytes, but it demon-
strates redox activity in the alkaline medium as well (NaOH) [110].

The application of alkaline solution (KOH) was reported for AQ/
DHA, (11a, b) [106] and 9,10-phenanthrenequinone (PQ, 12a, b)
[107] as well for p- and m-phenylenediamine additives (PPD 13a, b and
MPD 14a, b; respectively) [116,117] or p-nitroaniline undergoing
nitro-reduction to PPD (15) [100]. A serious disadvantage of these
compounds, especially in their oxidized forms, is limited solubility in
water (ketone groups are less hydrophilic than hydroxyl ones) or poor
wetting of electrode by aqueous electrolyte if impregnated in electrodes
or grafted on ACs. For these reasons, the attention has been drawn to
the inorganic molecules and compounds, such as cerium incorporated
salts like Ce2(S04)3 [118] or (NH4)2Ce(NO3)6 [119]. However, their
usage imposes the retention of toxic metals in used and disposed de-
vices.

Another option is the application of inorganic salts containing ha-
lide anions: bromides [120,121] and iodides [122-126]. Their electro-
activity is described by the Eq. (5a)-(6d):

2Br~ < Br, + 2e~ (5a)
Br~ + Br, & Br; + 2e” (5b)
2Br; < 3Bn + 2¢” (5¢0)
Br, + 6H,0 < 2BrO; + 12H* + 10e~ (5d)
3T e I + 2e” (6a)
2~ & L + 2e” (6b)
2I; < 3L + 2e” (6c)
L + 6H,0 < 2105 + 12H* + 10e~ (6d)

It is clearly seen that they differ only by the standard potentials Br~/
Bry/Bry~ with E° = 1.07 V vs. I'/I,/I5~ with E° = 0.54 V. Since bromide
might provoke corrosion on stainless steel, iodide-based formulations
are the most popular to date and have been applied as:

1) electrolyte itself with the EC voltage of 0.8V [95,112,120] or 1.2V
[110,123];

2) additive to acidic medium (H,SO,4) U = 0.8V [111,127];

3) additive to neutral electrolyte, with U = 0.8 V [111] or 1.6 V [124];

4) additive to alkali medium U = 1.6 V (KOH) [113].

The application of KOH solution as supporting electrolyte was
proven to provoke oxidation of I" to IO3™ or IO4 as an alternative redox
pathway instead of conventional I"/I,/I5~ reaction pathway (Eq. (5d))
[113]. Simultaneously, the operational voltage has been extended to
1.6V [122,128,129].

More advanced strategy exploits separated electrolytes referred to
as catholyte /anolyte, e.g., NaOH and I;7/I" [122] or Mg(NO3), and I3~/
I" [125] or the vanadium/vanadyl [126] and I37/I". In the case of
bromine, mixed redox couples, e.g., Br3/Br~ from KBr and 1,1’-di-
methyl-4,4’-bipyridinium (methyl viologen) dichloride (MVCl,) [120]
or 1,1’-diethyl-4,4’-bipyridinium (ethyl viologen) dibromide [121]
were successfully applied (Scheme 2).

Recently, our research group implemented thiocyanate/thiocya-
nogen (SCN/(SCN),) redox-couple [130] as an interesting alternative
to typical halide anions. For instance, KSCN is an inexpensive salt,
highly soluble in water, allowing for EC safe operation at 1.6 V on
stainless steel (SSt) current collectors and providing a faradaic con-
tribution on a positive electrode. Thiocyanate anion itself is classified as
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Fig. 1. Conductivity for the aqueous solutions of KI, KSCN, and KSeCN vs. salt
concentration.

Table 1
Conductivity and pH measured for 2 mol'L "' KSeCN, KSCN and KI electrolytes.
2molL™"'KSeCN  2molL™'KSCN 2 molL™" KI
Conductivity (mSecm™) 194 192 228
pH 10.33 6.48 6.66
Engz vs. SCE (V) -0.85 —0.62 —0.63
Eo2 vs. SCE (V) +0.38 +0.61 +0.60

a pseudohalide; the name owes to its physicochemical and electro-
chemical properties imitating genuine halides.

In this paper we propose the application of selenocyanate/seleno-
cyanogen (SeCN™/(SeCN),) redox-couple. This redox couple is a very
effective alternative to various redox mediators for dye-sensitized solar
cells (DSSCs) such as halogens (X-X: I37/I” and Brsz /Br), pseudohalo-
gens (Ps-Ps: SCN™/(SCN),) or combined ones (XPs) [131-138].

6SCN- < 2(SCN); + 4e~ (72)
2(SCN); < 3(SCN), + 2¢~ (7b)
(SCN), + SCN~ < (SCN)3 (7¢)
6SeCN~ < 2(SeCN)3 + 4e” (8a)
2(SeCN); < 3(SeCN), + 2e~ (8b)
(SeCN), + SeCN~ < (SeCN)3 (8c)

Considering molecular structure, the sulfur atom in the SCN™ anion
is replaced by more reactive selenium in SeCN . Therefore, in terms of
electrochemistry, SeCN/(SeCN), redox couple is expected to display
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similar electrochemical activity to the SCN™/(SCN), (Eq. (8a-c)), but at
lower formal potentials. According to the literature reports, two current
peaks of SeCN™/(SeCN),/(SeCN);~ appear during positive scans in the
range of 0.2 + 0.35V vs. SCE (platinum electrode and acetonitrile as
supporting electrolyte) [139], or either between —0.064 and —0.18 V
vs. Fc/Fc* (ferrocene/ferrocenium) [136] or in between +1.3 and
+1.6V vs. Cc*/Cc (cobaltocenium/cobaltocene) on glassy carbon
[134], both in IL ([EMIm][TFSI]). It means that on AC-based electrode,
a faradaic contribution from selenocyanates is expected in the potential
comparable to I7/I,/15".

This report presents the performance of hybrid ECs based on 2
mol'L. ™! KSeCN aqueous solution. The system demonstrates such op-
eration owing to the low potential of SeCN™/(SeCN),/(SeCN)3™ redox
couple imposing redox reaction on the positive one and EDL on the
negative one. The investigated ECs operates at the max. voltage of
1.4V; the high specific capacitance of the device, i.e., 43 F~g_l at 0.5
A-g~ ! and long cycle life proven by 90% of capacitance retention after 9
000 cycles are demonstrated.

2. Experimental

Capacitors were assembled in Swagelok® cells made of Teflon®, in
two different configurations: typical two-electrode systems and two-
electrode systems quipped with the reference electrode. Components of
the composite electrodes, i.e., active material — carbon black (black
pearls BP2000 by Cabot; 80 wt.%), percolator (conductive carbon black
TIMCAL Super C65 by Imerys; 10wt.%) and binder (polytetra-
fluoroethylene PTFE by Sigma Aldrich, 60 wt.% dispersion in water,
10 wt.%) were mixed together with ethanol; produced slurry was
stirred at 120 °C till solvent evaporation. The obtained dough was then
rolled to form a sheet (thickness ca. 300 um), then electrodes (pellets)
with a geometric surface area of 0.785 cm? and mass ca. 12-13 mg were
punched. The characterization of electrode material was performed by
nitrogen adsorption-desorption at 77 K (ASAP 2460, Micromeritics).
The Brunauer-Emmett-Teller (BET) equation was used to calculate the
specific surface area (1210 m?*g~'); the pore size distribution was
calculated by using two-dimensional non-local density functional
theory (2DNLDFT, [140-142]) (Lo < 2nm = 0.9 nm;
2 < Lo < 50nm = 15nm), both in details reported elsewhere [130].
Swagelok” cells were assembled with the stainless steel current collec-
tors. In three-electrode (i.e. two-electrode with the reference one)
configuration, saturated calomel electrode (SCE) was applied as a re-
ference electrode. Glassy fibrous material (Whatman GF/A with
0.26 mm of thickness and 1.6 um of pore size) was used as a porous
membrane (separator).

The electrolyte applied was 2 molL™' aqueous solution of po-
tassium selenocyanate (KSeCN, reagent grade, 97%, Sigma Aldrich).
The reference electrolytes were 2 molL.™! KI and KSCN solutions
(=99%, Sigma Aldrich). Conductivity and pH of the electrolytes were
measured using Conductometer $230 SevenCompact’ (Mettler
Toledo™) with an accuracy + 0.5% and pH meter S220 SevenCompact”
(Mettler Toledo™) with a relative accuracy + 0.002 at ambient tem-
perature.

The investigations were performed using the following electro-
chemical techniques: cyclic voltammetry (CV; scan rates from 10 to
100mV-s~ 1), galvanostatic cycling with potential limitation (GCPL;
current densities in range of 0.5-10 A-g~") and electrochemical im-
pedance spectroscopy (EIS; frequencies from 1 mHz to 100 kHz with
sinusoidal signal of 5 mV-s~') performed at VMP3 multichannel
potentiostat/galvanostat by BioLogic.

Capacitance values were calculated per mass of the active material
as follows:

1) from cyclic voltammetry (Ccy) based on the equation:
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Fig. 2. Cyclic voltammetry profiles for the symmetric capacitor operating in 2 mol-L.~* KSeCN solution: (a) gradual voltage increase; (b) cyclic voltammetry profiles

for various scan rates.

Cev =
VMgt

1) from galvanostatic charge/discharge (Cgp) using the area under the
discharge curve (Sgiscn, V-s~7):

2.1-Sy;

CGD == disch

Umax'mact

1) from impedance spectroscopy (Ciy,) according to the formula:

1

Cimp = s———
P 2 £ (—Im(Z)) My

where I- current [A], Sgscn - the area under the discharge curve [V:s],
Unex — maximum operating voltage [V], mg,~ mass of the active
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material in the device [g], v — scan rate applied [Vs™'], f - frequency
[Hz] and -Im(Z)- imaginary part of the impedance [Ohm].

All capacitance values reported are expressed per total active mass
in the device.

3. Results and discussion

Taking into account the similar formal potentials of I"/I/I3” and
SeCN~/(SeCN),/(SeCN)3™ redox systems, the ECs based on KSeCN-redox
electrolytes were expected to display performance alike to the system
based on the electrolyte with iodide salts. Therefore, considering find-
ings of Frackowiak et al. [112], who evaluated the influence of iodide
salt concentration on the operation metrics of ECs, and found that the
highest capacitance, efficiency, and reversibility of the process were
recorded for 2 mol'L.~ ! sodium iodide solution, the same concentration
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Table 2

Energy and coulombic efficiency of ECs operating is 2 mol'L. ™ KSeCN.
Current density (A-g™) 0.5 1 2.5 5 10
Energy efficiency (%) 70 72 63 47 32
Coulombic efficiency (%) 86 92 100 100 100

* in certain cases, the coulombic efficiency exceeded 100%, indicating ad-
ditional, parasitic reactions in the system, with no practical meaning.

(2 mol'L™ 1) of KSeCN was selected for our study.

3.1. Conductivity and pH measurements

Conductivity and pH of aqueous electrolytes are key parameters for
their application in ECs. Conductivity is considered to control the ion
transport rate, which is essential for diminishing the ohmic drop and
device response time. pH influences the potential of electrolyte oxida-
tion and reduction (electrochemical stability window) and the profile of
electrode potentials adapted by the EC itself.

Conductivity of KSeCN solutions as well as its analogues, added for
comparative purposes (KSCN and KI), are presented in Fig. 1 and for
selected concentrations in Table 1.

2 molL~! KSeCN and KSCN solutions display almost the same
conductivity (194 vs. 192 mS-cm™ 1), whereas the conductivity of KI
electrolyte is considerably higher (228 mS-cm ™ ?). In fact, these values
are superior to the conductivity of so called-neutral salts, e.g., alkali
metal sulfates. One of the features imposing advantageous conductivity
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of KSeCN and KSCN is the lack of extensive hydrogen bonding in con-
trast to the sulfates or other oxoacid-derived salts. It results from the
cyano-group (—C=N) in the anion structure restricting the creation of
H-bonds between themselves. Furthermore, the discrepancy between
salts containing pseudohalides (KSeCN and KSCN) and halides (KI) re-
flects the distinct size of the polyatomic pseudohalides and monoatomic
halides as well as their different solvation characteristics.

It should be noted that the pH of “neutral” electrolytic solutions is
not always absolutely “neutral” (i.e., equal to 7 on the pH scale) and
reflects the relative strength of acid and base of which they were
formed. Although selenocyanate anion shares characteristics of thio-
cyanate or iodide ones, the selenocyanic acid, HSeCN, is classified as a
weak acid in contrast to its analogs: thiocyanic acid (HSCN, pKa = 1.1
at 20 °C) or hydrogen iodide (HI, pKa = —9.5). Accordingly, it is re-
flected in experimental pH values of their 2 mol-L. ™ 1 solutions (Table 1):
close to 7, indicating neutral character for KI and KSCN electrolytes,
being in contrast to 10.33 for KSeCN one. Taking into account the
Nernst equation, the higher the pH, the lower the potential of oxygen
(Eo2) and hydrogen evolution (Ey»). Accordingly, Eo, and Ey, of KSeCN
solution are shifted towards lower values (Table 1) in comparison to
KSCN and KI ones.

In this case, the positive electrode is protected against oxidation,
since it is supposed to operate below Eq,. Additionally, as claimed in
our previous report, [143] alkaline solution is expected to shift the
potential of negative electrode towards lower values, near Ey, which
might have a protective impact for long-term capacitor performance.

3.2. Electrochemical measurements

Fig. 2 presents cyclic voltammograms of the symmetric system op-
erating with 2 mol'L.~! KSeCN solution. Initially, the maximum oper-
ating voltage is determined by gradually expanding vertex voltage from
0.8V to 1.6V, with a shift of 100 mV (Fig. 2a). As expected, the shape
of the obtained cyclic voltammograms (CV) is substantially similar to
the CV profiles characteristic of iodide salts-based electrolytes
[95,112]. During initial voltage step (0.8 V), a rectangular shape typical
of the EDL charging is observed in a very narrow voltage range, from 0
to 0.2 V. For higher voltages, the voltammogram is modified because of
the electro-activity from SeCN~/(SeCN), redox couple. Non-capacitive
current appears at significantly lower voltages in comparison to KSCN
based electrolytes [130] illustrating the difference in formal potentials
of these two pseudohalides. Along the increasing voltage, the EDL part
diminishes, reflecting the self-adjustment of electrode potentials in
order to balance the charge accumulated in both electrodes. The op-
timum voltage is achieved at 1.4V (red curve). At higher cell voltages
(above 1.4V), the current recorded increases considerably, and some
additional/parasitic peaks are observed at 0.7+ 0.9V during charging
and 0.7 +0.6 V during discharging.

Holding the maximum voltage of 1.4V, the effect of scan rate
(10-100 mV-s™ 1) on charge propagation is determined (Fig. 2b). For
moderate scan rates (10 and 20 mV-s™!) good charge propagation is
retained, while the capacitance values are high (87 F-g~! and 72 F-g™?,
respectively). At higher scan rates (50 and 100 mV-s ') the CV profiles
become more resistive; this indicates deteriorated charge propagation
and aggravates the capacitance values. Moreover, the characteristic
shape originating from the faradaic contribution diminishes because the
scan rate is too fast for charge transfer reactions. Despite the high
conductivity of the electrolyte, the presence of dimers and trimers limits
the ion diffusion and charging efficiency at high regimes.

Corresponding results were obtained using the galvanostatic tech-
nique (current density range: 0.5-10 A-g ™ 1). Fig. 3a presents a variation
of capacitance values vs. current load applied. The capacitance reten-
tion is better pronounced at moderate values (0.5 and 1 A-g~! with 43
F-g~! and 39 Fg~', respectively) than at higher current loads. The
tendency can be evaluated using the plot representing capacitance vs.
current density square root (Fig. 3b). It allows estimation whether the
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Fig. 4. Nyquist plots for 2 mol'L ! solutions (a) KSeCN (c) KI (e) KSCN and capacitance in function of frequency (b) KSeCN, (d) KI, (f) KSCN in the frequency range

1 mHz to 100 kHz.

process is limited by diffusion (linear trend) or by reaction kinetics
(non-linear dependence). Taking into consideration the values corre-
sponding to the current loading in the range of 0.5+5 A-g™!, the de-
pendence is linear — indicating a limited diffusion process. In turn, at 10
A-g~ ! the process limited by kinetics is assumed. Besides, based on the
calculated energy efficiencies (Table 2), the highest reversibility was
observed for 0.5 and 1 A-g~' current load. Further increase in current
densities resulted in a gradual decrease in energy efficiency — down to
32% for 10 A-g~* for KSeCN. It means that the higher current density,
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the worse reversibility of the redox processes occurring at this system
SeCN7/(SeCN), which definitely proves the redox-originating capacity
in the system. Coulombic efficiency increases with current density, and
for 10 A~g’1 reaches an artificial value of 130% (!!!). Certainly, such a
value cannot be considered as correct one (max. 100%), however, it
indicates that additional reactions of various origin can occur in the
system. At such high current load conditions, one should pay particular
attention to the ohmic drop, since it might also affect the calculations.
Finally, such result clearly demonstrates that the coulombic efficiency
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is not the most reliable way to evaluate charge/discharge efficiency
when the redox reactions are involved in the system’s performance.

Fig. 4 compares the Nyquist plots for discharged (0 V) and charged
(0.8 V) capacitors operating with 2 molL ™! (a) KSeCN, (c) KI and (e)
KSCN electrolytes. The inset of the semi-circle on Nyquist plots de-
monstrates impeded charge transfer for KI solution (higher value of the
real part of the impedance) contrarily to the systems operating with
pseudohalide-based electrolytes. For discharged cells, the imaginary
part of the impedance is almost vertical in all the cases. For charged
systems (0.8V), it is reduced noticeably in the case of ECs based on
selenocyanate and iodide salts, evidencing their high redox-capacity. In
the case of thiocyanate salt, imaginary parts of impedance are com-
parable at 0V and 0.8 V. It is substantiated in a plot of capacitance vs.
frequency (Fig. 4d-f). For charged ECs (0.8 V), the capacitance values
are high at low-to-moderate frequencies, i.e., at 1 mHz: 63 F-g~! for
KSeCN and 56 F-g~! for KI, whereas for discharged cells these values
are definitely lower — around 23 F-g~'. For KSCN-based cells, the ca-
pacitance values were comparable at 0 and 0.8 V. It again reflects a high
formal potential of SCN~ /(SCN), redox couple (E° = 0.77 V), demon-
strating additional non-capacitive current at higher voltages. This
comparison proves that selenocyanate and iodide-based electrolytes
display a similar behavior because of their similar standard potentials
in contrast to thiocyanate salt.

Taking into consideration the capacitance vs. frequency dependence
for all electrolytes studied, one should notice that the cell voltage ap-
plied for electrochemical impedance measurements is an important
parameter, essentially for the devices operating with redox-active
electrolytes. It can be easily seen that capacitance “varies” significantly
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with the voltage applied. For this reason, caution shall be taken when
reporting the capacitance values calculated from the impedance mea-
surements. In our opinion, that value must absolutely be compared with
those obtained by other techniques and the cell voltage applied must be
clearly indicated.

In order to elucidate the performance of EC based on 2 molL ™!
KSeCN, three-electrode experiments were carried out. Fig. 5a presents
galvanostatic charge/discharge profiles of the full cell (1.4V; black
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Table 3
Leakage currents and self-discharge data for capacitor operating with 2 mol-L ™!
KSeCN electrolyte.

Cell voltage (V) Leakage current (A-g~ 1) Cell voltage (V)

at Open Circuit conditions

After 1 h After 6 h
1.0 0.03 0.4 0.4
1.2 0.05 0.6 0.4
1.4 0.3 0.8 0.4
1.6 0.7 1.0 0.4

curve) and for single electrodes. The positive electrode (red curve)
operates in a very narrow potential range (from -0.09 V to +0.07 V vs.
SCE), whereas negative one (blue curve) operates in a wide potential
range (from -0.09V to —1.3V vs. SCE). Such EC performance re-
sembles an operation of capacitors based on iodide-containing elec-
trolyte [95,112]. The cyclic voltammetry profiles for positive and ne-
gative electrode are shown in Fig. 5b.

The negative electrode exhibits shape typical of EDL charging with
constant capacitance in the entire potential range. Positive electrode
demonstrates huge “capacitance” originating from the activity of
SeCN™/(SeCN), redox couple. However, such kind of profile cannot be
considered either as capacitive nor pseudocapacitive and should not be
presented in capacitance units. This is perfect evidence of the hybrid
charge storage mechanism. Additionally, in contrast to KSCN electro-
lyte, where the asymmetric construction is necessary to take full ad-
vantage of thiocyanate/thiocyanogen redox couple [130], the device
with KSeCN solution benefits from the faradaic contribution in a sym-
metric configuration. As anticipated, slightly alkaline pH shifted the
electrode potentials towards lower values. As a result, the positive
electrode operates far from Eq,, whereas the negative one demonstrates
high overpotential for hydrogen evolution and operates far beyond Eys.

Cyclability test (Fig. 6) evidences that the system is stable for at
least 9 000 cycles at 1.4V and less than 10% of capacitance loss is
detected (37 F-g~* for the first cycle and 34 F-g~ ! for 9 000th cycle).

Based on the approximate calculations, the expected lifetime for this
system is ca. 30 000 cycles. Galvanostatic charge/discharge curves
(Fig. 6b) do not show significant deterioration in performance but the
ohmic drop slightly increases. It demonstrates that EC based on 2
mol'L.~! KSeCN can operate at a voltage higher than for device with 2
mol-L ™! Nal [112], KSCN or KI. Additionally, no shift of the electrode
potentials is observed using KSeCN electrolyte, contrarily to the device
with Nal solution, where during cycling the faradaic contribution takes
place also at the negative electrode. In this place it is worth to mention
that comparisons of the cyclability tests should be made with special
attention to the voltage and current load applied, essentially for the
systems with a redox-based contribution. Certainly, the role of the
electrode material applied cannot be neglected.

The Ragone plot (Fig. 7) compares the performance of ECs operating
with 2 mol'L~! KSeCN, KI and KSCN solutions.

It seems that KSeCN electrolyte allows more energy to be stored
than in device with KSCN solution, but the power is negligibly lower.
To some extent, this illustrates a “compromise” in energy and power
enhancement. Although the energy is the highest for KI-based device, at
1.4V capacitor voltage, the cyclability test results are in favor of KSeCN
device.

Final evaluation of the proposed systems should concern the leakage
current and self-discharge measurements. Leakage current should be
measured for at least 2 h during potentiostatic hold at a certain voltage.
Self-discharge should be monitored at least for 6 h or until the voltage
drop is less than 10 mV-h ™,

Data presented in Table 3 indicate that the capacitors with redox-
active electrolyte suffer from high leakage current and fast self-dis-
charge, once the potential redox activity is reached (in the considered
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case, above 1.2V). It means that the energy accumulated is high, but
the dissipation occurs quite quickly. This phenomenon originates most
likely from two different mechanisms of charge storage (capacitive and
faradaic), combined in one device.

4. Conclusions

This study demonstrates the operation of the electrochemical ca-
pacitor based on a novel redox active electrolyte. The 2 mol-L.~* KSeCN
solution displays high conductivity (194 mS-cm ~ ') and slightly alkaline
pH (10.33). Owing to the low standard potential of SeCN™/(SeCN),/
(SeCN)5™ redox system, the positive electrode is dominated by faradaic
contribution whereas negative one performs by electric double layer
charging. Using economically reasonable stainless steel current collec-
tors, the capacitor demonstrates high capacitance (43 Fg~! at 0.5
A-g™1), reasonable operational voltage (1.4 V) and long cycle life. The
leakage current and self-discharge at elevated voltages rates must be a
subject of further improvement.
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