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Considering the cost-effectiveness, safety, and environmental friendliness for energy storage and delivery at high
rates, hybrid electrochemical capacitors in aqueous electrolytes containing redox-active species are attractive al-
ternatives to expensive organic electrolyte based electric double-layer capacitors (EDLCs). Here, the influence of
electrode mass-balancing on the equilibrium potential of hybrid cells in aqueous sodium nitrate + sodium io-
dide (5 mol L! NaNO3 + 0.5 mol L~! Nal) has been investigated. The shift of equilibrium potential determines,
whether the positive electrode behaves fully battery-like (charge/discharge strictly in the iodide redox potential
range) or shows a mixed battery-like and EDL capacitive behavior. With an appropriate mass-balancing of the
positive and negative electrodes (mass ratio = 1:2), the equilibrium potential shows a negligible shift during gal-
vanostatic charge/discharge cycles at 0.5 A g~!, which results in full battery-like behavior of the positive elec-
trode. Consequently, the hybrid cell exhibits stable electrochemical performance. By contrast, an equal or higher
mass of the positive compared to the negative electrode, leads to a shift of the equilibrium potential resulting
in two different charge storage mechanisms at the positive electrode. As a result, the overall performance of the
hybrid cell deteriorates. We show by thermogravimetric analysis and Raman spectroscopy that the formation of
polyiodides (I3~ and I57) is controlled by the oxidation of iodide (I”) anions to molecular iodine in nanoporous
carbon based positive electrode, and that more polyiodides are produced, if the positive electrode operates strictly
within the iodide/iodine redox potential range.
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1. Introduction

In the past few decades, quest for efficient storage and delivery of
electric energy has led to a remarkable research interest in cost effective
systems such as electrochemical capacitors (ECs). ECs are well-known
for storing energy at low power demand and releasing it in short bursts
at peak power demand, for millions of times [1-9]. Owing to many ad-
vantages related to easy assembling, shipment, and disposal, ECs with
aqueous electrolytes are considered sustainable alternatives to systems
based on organic electrolytes. The latter are prepared with hazardous
chemicals such as acetonitrile. For ECs with traditional acidic or alka-
line as well as neutral aqueous electrolytes (pH =~ 7), the assembling
and components cost is low, requiring no inert atmosphere or exten-
sive drying of the carbon electrodes [10-15]. Neutral aqueous elec-
trolytes are beneficial in providing an extended potential range owing
to the negative shift of the Nernst potential for hydrogen evolution at
the negative carbon electrode [16]. This effect is provoked by an in-
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crease of the local pH during the electrochemical reduction of water,
which produces hydroxyl anions (OH™) [17-19]. Another advantage of
aqueous electrolytes is their high ionic conductivity (0.1-0.5 S cm™),
which helps to reduce ohmic losses via efficient transport of ions within
the porous electrode materials.

A major drawback of aqueous electrolytes based on alkali sulfate or
nitrate [20-22], however, is the low reachable voltage of 1.5 or 1.6 V
[20-22], which results in a low specific energy of the device. Internal
hybridization of two electrodes (inside a single device) with different
charging mechanisms in aqueous electrolytes, is a promising strategy
to compensate for the low voltage [23,24]. In such a hybridized sys-
tem, one electrode exhibits a large redox capacity and works in a nar-
row potential window, whereas the second electrode utilizes large po-
tential window and stores charges mainly in the electrical double layer
(EDL). One of the first hybrid cells proposed by Razumov et al., uti-
lized activated carbon as an EDL negative electrode and nickel hydrox-
ide as positive electrode material in aqueous potassium hydroxide elec-
trolyte [25]. Later, a hybrid cell was realized with H,SO4 electrolyte,
PbO,/PbSO, as the positive battery-like electrode, and activated car-
bon as negative electrode [23]. These hybrid cells displayed capaci-
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tances twice that of their symmetric counterparts with carbon electrodes
and voltages in the range of 1.5-1.7 V.

The main advantage of a hybrid cell is its high capacitance caused
by the high capacity of the redox electrode, which is compensated by
the high amount of charge stored on the EDL electrode according to the
following equations:

9+ =4q- (@]
C, Xx AE;, xm, = C_ x AE_ xm_ )

where g+ and q. are the capacities of positive and negative electrodes,
m and m. their active masses, while C, AE are the specific capacitance
and potential window of electrodes, respectively.

In recently proposed hybrid cells, redox active species introduced
into the aqueous electrolyte undergo faradaic reactions on one of the
carbon electrodes making it battery-like, while the second carbon elec-
trode stores charge in the EDL. According to Akinwolemiwa et al., such
faradaic reactions follow Nernstian behavior owing to charge transfer
involving localized electrons at a specifically fixed energy level [26].
Redox active species such as bromide [27], iodide [28], hexacyano-
ferrate [29,30], thiocyanide [31], vanadium complexes [32,33], and
many others [34-37] have been used with aqueous electrolytes in or-
der to enhance the cell capacitance resulting in improved energy perfor-
mance.

Hybrid cells using hydroquinone as redox specie in aqueous HySO4
as supporting electrolyte exhibited nearly twice the capacitance of their
symmetric counterparts with e.g., chemically activated carbon, carbon
aerogel, multiwalled carbon nanotubes as electrode materials [38]. A
carbon/carbon hybrid cell using H,SO4/hydroquinone as redox active
aqueous electrolyte demonstrated ~120 F g~! compared to 72 F g~! for
the symmetric cell using neat aqueous HySO4 electrolyte. However, the
main drawback with this hybrid cell is the high rate of self-discharge
due to the shuttling of quinone species between the two electrodes [39].
In order to reduce the high self-discharge rate, an ion exchange mem-
brane was used as separator to limit the transfer of quinones to the nega-
tive electrode, however, with minuscule improvement [40]. Grafting of
anthraquinones on the surface of carbon reduces the self-discharge be-
havior of hybrid cells. In this case, a cell with H,SO4 electrolyte, grafted
carbon as negative electrode and a non-grafted carbon as positive elec-
trode discharges to half of the initial voltage in 6 h (still far below the
industrially required standard), compared to only 0.6 h discharge time
for a carbon/carbon cell using H,SO4/HQ electrolyte [41]. Bromides
and thiocyanates are also interesting redox active species for hybrid cells
with aqueous electrolytes, however, the redox potential of both these
couples is far away from the cell equilibrium potential (potential at dis-
charged state, Eqy). This causes performance degradation due to the fact
that the cell needs to be polarized to higher voltages for reaching the
redox potentials. A performance comparison of iodides versus bromides
based dissolved redox species in carbon/carbon cell is reported in Ref.
[26] where current peaks at low cell voltage appear for iodides, con-
trary to bromides for which equilibrium potential is far from potential
of Br~/Bry+ Br3™ redox reaction.

From the foregoing, it is clear that a hybrid cell exhibits improved
performance when i) active species are immobilized on the redox elec-
trode surface and ii) the redox potential of active species is close to
the cell equlibrium potential. Iodide redox species fulfill the above cri-
teria, while being highly soluble in aqueous electrolyte [28]. More-
over, iodide electrolytes based carbon/carbon cells are probably the best
example of hybrid electrochemical capacitors (in aqueous electrolyte)
which originates from coupling of two different charging mechanisms at
both electrodes. As the redox electrode works in a small potential win-
dow, the negative electrode charges by EDL and works in large poten-
tial window. The outcome of the hybrid capacitor is a linear charge/
discharge curve (similar to its negative EDL electrode or any other

EDLC), from which capacitance values can be calculated after estimat-
ing the amount of energy under discharge curve. A similar charging be-
havior of two electrode exists in lithium-ion capacitors where the term
capacitance (in F g71) is frequently used at industrial level and it is quite
reasonable for good performance comparison across various capacitor
devices. For the hybrid cell with aqueous LisSO4/KI electrolyte, energy
performance can approach to that of an EDLC with organic electrolytes
[42,43]. Also, the immobilization of iodides in the positive porous car-
bon electrode prevents it from oxidation by keeping the potential almost
constant and far below the thermodynamic oxidation potential of water
[44]. Thanks to the immobilization of iodides in the porous carbon elec-
trode associated with extensive charge transfer [45], the potential pro-
file of the positive electrode, which is very close to cell equilibrium po-
tential, remains nearly constant and decays only slightly during an open
circuit voltage test [46]. The following reactions (equations (3)-(7))
have been proposed to occur at the positive carbon electrode with the
iodide/iodine redox couple forming oligomeric iodides:

27 & L, + 2e” 3)
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Among these, reaction (7) takes place at high positive poten-
tials ~ 0.8 V vs SHE, according to the Pourbaix diagram [47]. Despite
the strong immobilization of polyiodides inside the pores of the positive
carbon electrode, some of these polyiodides are transported via shut-
tling to the negative electrode, which results in relatively high self-dis-
charge rates and performance degradation and in some cases, the nega-
tive electrode may even partially operate in the redox potential region
of the iodides, adding to the performance loss of the hybrid cell [48].
Equally important, the electrode mass changes associated with polyio-
dide immobilization may alter the operating potential range of both pos-
itive and negative electrodes (see equation (2)). The effects of electrode
mass-balancing have been investigated previously in the case of a car-
bon/CNT + polyaniline hybrid cell, a carbon/MnO, asymmetric device
[49,50], and in carbon/carbon cells [51]. In order to balance the capac-
ity generated by the reactions on the redox electrode, the mass ratio of
the electrodes must be carefully adjusted. This becomes even more im-
portant in the case of iodides, which progressively immobilize inside the
pore of the positive electrode during each voltage step leading to an en-
hanced mass of the redox electrode and consequently shifting the equi-
librium potential.

In this work, we report on how the change in electrode mass ra-
tio affects the equlibrium potential in a hybrid cell with aqueous iodide
electrolyte. For a carbon/carbon hybrid cell with aqueous NaNO3/Nal
electrolyte, the progressive mass increase of positive electrode due to
the immobilization of polyiodide species shifts the cell equilibrium po-
tential. An appropriate mass-balancing of electrodes is therefore neces-
sary which would allow the battery-like positive electrode to strictly op-
erate at the redox potential of iodide, close to the equilibrium poten-
tial of the cell. Shift of equilibrium potential also influences the charge
transfer between electrode carbon material and iodine/iodides. Overall,
any shift of equilibrium potential affects the performance of hybrid cell
which performance can range from a true hybrid capacitor (redox and
EDL charging well-separated at the positive and negative electrode re-
spectively) to a hybrid device with mixed EDL and faradaic charge stor-
age at the positive electrode.
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2. Experimental
2.1. Electrode and electrolyte materials

Discs of activated carbon cloth (ACC) 507-20 from Kynol were used
as freestanding positive electrodes with three different mass ratios to
the negative electrode (1:2, 1:1, and 2:1). The thickness of the positive
electrode in all cases was 200 pm and for balancing the mass, the di-
ameter of the disks was adjusted accordingly. The negative electrode
was a KOH-activated carbon (MSP-20, from Kansai Coke and Chemicals,
Japan). The porous structure of both carbons used in this study is de-
scribed in ref. 45. The freestanding negative electrodes were prepared
from MSP-20, 90 wt % carbon powder by mixing with 5 wt% carbon
black (C65 from Imerys) as conductivity additive and 5 wt% of PTFE
(60% dispersion in water from 3 M Chemicals) in ethanol. The mixture
was continuously stirred at 70 °C until the solvent had completely evap-
orated and a dough was obtained, which was then pressed and rolled
on a glass plate into a sheet. Disc electrodes were punched out from the
sheet and dried at 120 °C resulting in a final thickness of 150 pm. The
mass of the negative electrode was 7.5 mg while the mass of the positive
electrode was varied according to the electrodes mass ratio given above.
Sodium iodide (Nal, 99.5%) and sodium nitrate (NaNOs, 99.8%) were
purchased from Alfa-Aeser and dried at 110 °C overnight before prepar-
ing the aqueous electrolyte of 5 mol L™! NaNO3z + 0.5 mol L~! Nal in
de-ionized water. The pH of the electrolyte was 6.5 and the conductivity
92 mS cm™.

2.2. Assembling and electrochemical characterization of hybrid cells

Electrochemical investigations were performed in two-electrode cells
made from PTFE Swagelok-type vessels with and without reference elec-
trodes. Stainless steel cylinders (1.4571/1.4404) of 1.2 cm diameter
were used as current collectors for the disks of working and counter elec-
trode. A glassy microfiber separator (Whatman GF/A, thickness 260 pm)
soaked in 5 mol L~! NaNO3 + 0.5 mol L~! Nal electrolyte, which had
been degassed for 15 min under reduced pressure at 24 °C was sand-
wiched between the disc electrodes. A silver/silver chloride (Ag/AgCl
in KClgy, E = +0.197 V vs. standard hydrogen electrode [SHE]) ref-
erence electrode (from ProSense) was used to monitor the potential
of the positive and negative electrodes. Hybrid cells of various elec-
trode mass ratios in 5mol L~! NaNO3 + 0.5 mol L-! Nal were as-
sembled with ACC positive electrodes of varying masses and MSP-20
as negative electrodes. These hybrid cells were tested at each volt-
age step with the following electrochemical protocol. Cyclic voltamme-
try (v = 2mV s~!) and galvanostatic cycling at 0.1 Ag~' and 0.5 A g~}
with potential limits (GCPL) between U = 0.1 V and U = 1.5 V. After-
wards, 100 galvanostatic charge/discharge cycles using 0.5 A g~! were
performed up to U = 1.5V for optimal conditioning and for moni-
toring any equilibrium potential shift. For two-electrode cell investi-
gations, cyclic voltammograms (CVs, v = 5mV s™!) and galvanostatic
charge/discharge curves (0.5 A g~!) before and after 100 cycles were
compared. In order to avoid the intermixing of potential windows of
battery-like and capacitor electrodes, the hybrid cells were discharged
down to 0.1 V, which gave a buffer of ~50 mV for each electrode upon
discharge to equilibrium potential (in this case Eg;y). Precisely, this
protocol prevents the undesired iodide redox reaction on the negative
electrode occurring near Egy, which in principle should store charges
only at the EDL for a true hybrid capacitor. The long term performance
of hybrid capacitor with electrode mass ratio 1:2 was evaluated dur-
ing 5000 galvanostatic charge/discharge cycles at 0.5 A g~1. A VMP3
multichannel potentiostat/galvanostat (Bio-Logic Instruments) was used
for all electrochemical measurements. The gravimetric capacitance C
was calculated by integrating the area under the galvanostatic discharge
curve and expressed per total active mass of the two electrodes in

F g~1. The energy efficiency was estimated by the ratio of the integrated
area under the galvanostatic discharge and charge curves.

2.3. Investigations on pre-polarized electrodes by thermogravimetry and
Raman spectroscopy

Post-mortem analysis on the electrodes was performed by carefully
disassembling the hybrid cells and taking out the positive electrodes
for thermogravimetry (TGA) or Raman spectroscopy. For TGA, the po-
larized positive battery-like electrodes were extracted from each hy-
brid cell, cleaned with water, dried at 80 °C for 10 h and then hermeti-
cally sealed in aluminum crucibles. Thermogravimetric analysis was per-
formed on a STA 449C Jupitar from Netzsch under helium flow in the
temperature range of 100 °C-550 °C at a heating rate of 10 °C min~.
Raman spectra were measured on freshly polarized ACC positive bat-
tery-like electrodes extracted from the hybrid cells. The positive elec-
trodes were transferred immediately after disassembling the hybrid cell
to a Horiba Jobin Yvon LabRam 800 HR spectrometer equipped with a
1024 x 256 CCD (Peltier-cooled) and an Olympus BX41 microscope. A
laser wavelength of 633 nm was used for all measurements. The carbon
electrode's surface was characterized by scanning electron microscope
Zeiss Sigma 300 VP with a fully integrated EDS Detector Oxford SDD 80
possessing a special feature of large area mapping for detecting elemen-
tal distribution.

3. Results and discussion

Three different hybrid electrochemical cells with 5 mol L~! NaNOg
+ 0.5 mol L~! Nal have been studied, where the positive to negative
electrode mass ratio was gradually increased. The effect of varying the
electrode mass ratio on the equilibrium potential and the overall elec-
trochemical performance of the hybrid cells was monitored. Following
sections detail the electrochemical and physicochemical investigation on
hybrid cells and electrodes with different mass ratio.

3.1. The electrode mass ratio of 1:2 for (+)ACC/MSP-20(-) in the hybrid
cell

Fig. 1a shows the cyclic voltammograms obtained in a three-elec-
trode cell equipped with reference electrode before and after 100 cycles.
It can be seen that both CVs are almost identical. The unchanged electro-
chemical characteristics for this hybrid cell are also confirmed by the po-
tential evolution of each electrode during the CV. The positive electrode
operates in a narrow potential window due to the iodide redox reactions,
which impart the high capacity. In order to compensate for the high pos-
itive electrode capacity, the negative electrode utilizes a large potential
range, storing the charge in the electrical double layer (EDL). Galvanos-
tatic charge/discharge curves at 0.1 A g~! in Fig. 1b also show a narrow
potential range of positive electrode (from 0.33 V to 0.56 V vs SHE) and
an enlarged potential range for the negative electrode (from 0.21 V to
—0.93 V vs SHE) with nearly symmetric shape of the curves after 100 cy-
cles. Similar charging/discharging behavior of the positive battery-like
electrode operating in narrow potential window was observed by Akin-
wolemiwa et al. [26], where oxidation of iodide was observed at low
cell voltage close to the equilibrium potential (potential of zero charge,
Egy). The symmetric part of the charge/discharge curve of the negative
electrode shows the charge storage essentially in the EDL, whereas the
positive electrode displays a typical battery-like behavior with a high
capacity of ~65 mAh g~!. The negligible plateau of the negative elec-
trode potential profile at the most negative values indicates the onset of
other faradaic processes related to the electrochemical reduction of wa-
ter [19].

The galvanostatic charge/discharge curves for the negative elec-
trode in Fig. 1lc obtained at a high specific current of 0.5 A g~! are
truly symmetric, which indicates that charges storage takes place in
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Fig. 1. Electrochemical data from two-electrode cell with reference electrode with positive (ACC) to negative electrode (MSP-20) mass ratio of 1:2 in 5 mol L™! NaNO3 + 0.5 mol L~! Nal,
(a) cyclic voltammogram at v = 2 mV s~!, (b) galvanostatic charge/discharge at 0.1 A g~! (c) galvanostatic charge/discharge curve at 0.5 A g~'; physicochemical analysis of the positive
ACC electrode extracted from a hybrid cell after 100 galvanostatic charge/discharge cycles at 0.5 A 7', (d) thermogravimetric analysis TG & DTA curves from 100 °C to 550 °C, (¢) Raman
spectrum from 50 cm ™! to 250 cm™~! showing the presence of I3~ and I5~, (f) deconvoluted Raman spectrum in the polyiodide region showing the subpeaks. Solid and dashed lines in Fig.

la and b indicate the curves before and after 100 cycles.

the EDL and a positive shift of the equilibrium potential. The potential of
the positive electrode is slightly pushed more positive. Upon increasing
the specific current, the negative electrode works in a potential range
from 0.19 V to —0.88 V vs SHE, which is slightly more positive than that
at low specific current and therefore less susceptible to faradaic reac-
tions, i.e. hydrogen evolution due to the electrochemical reduction of
water. On the other hand, the positive electrode operates in a potential
range from 0.29 V to 0.60 V vs SHE. The maximum potential of the pos-
itive electrode is shifted slightly towards more positive values, albeit far
below the thermodynamic potential of electrolye oxidation. The positive
electrode nevertheless keeps a high capacity of 56 mA h g~! due to the
iodide redox acitivity, when a high specific current of 0.5 A g~ is ap-
plied.

Under polarization, the iodide species are adsorbed on the positive
electrode blocking partly its pores, as previously reported [44]. From
the TG and DTA curves in Fig. 1d, mass loss is observed in two differ-
ent temperature ranges. The first mass loss of 4.1% at 190 °C-310 °C is
due to the decomposition of iodides adsorbed on the electrode surface
and immobilized inside the macro- and mesopores. The second mass loss
of 17% occurs from 310 °C to 450 °C, which is due to the decompo-
sition of iodine trapped in the micropores of the positive carbon elec-
trode. This is also confirmed by the strong peak in the DTA curve at
~400 °C indicating the presence of large amounts of iodine at the pos-
itive electrode. Iodine is formed inside the pores of the positive elec-
trode via the redox reaction in equation (1). In the next step, molec-
ular iodine combines with iodide ions present in the bulk electrolyte
to form polyiodides (I3~ and Is~). The nature of these polyiodides has
been cofirmed by Raman spectroscopy (Fig. 1le) of the freshly polar-
ized positive electrode in the low wavenumber region, where two dis-
tinct bands related to the presence of I3~ and Is~ can be observed. The
relative intensity of these two bands is different, which indicates that
I~ is the dominant specie at the positive redox electrode. It can also be
inferred that I3~ is further converted to Is~, when more molecular io-
dine is produced (equation (3)). According to the Pourbaix diagram, at
neutral electrolyte pH, the iodide ions are converted to triiodides ow-
ing to the formation of molecular iodine as given in equation (4). Fur-
ther analysis in the low wavenumber region of the Raman spectrum by

peak deconvolution is presented in Fig. 1f. The position of the first peak
related to triiodide [v; (I37)] remains nearly unchanged at 110 cm™,
whereas the larger second peak is deconvoluted into two sub-peaks,
one at 147 cm™! and the other at 166 cm~!, which is well known for
V-shaped pentaiodide (Is™) [52-59]. Several possibilities exist for the
sub-peak at 147 cm™! which may be due to either linear Is~ [58],
L-shaped Is~ [57] or an I5:I3~ adduct [57]. In the literature, this vi-
bration at 147 cm™! has also been assigned to the vs antisymmetri-
cal stretching mode of discrete asymmetric triiodide ions [60]. Overall,
the formation of Is~ and I3~ is favored when the positive electrode is
working strictly in the redox potential range of iodine. Thanks to the
low mass ratio of the positive electrode and consequently a high ca-
pacity, its potential range is perfectly placed in the potential region of
the iodide/iodine redox couple and the equilibrium potential remains
almost unchanged during 100 galvanostatic charge/discharge cycles.
The reversible formation of polyiodides is thermodynamically favored
in this potential range via the formation of molecular iodine or other
related species at this carbon electrode mass ratio in 5 mol L~! NaNOs
+ 0.5 mol L™! Nal. In the next sections, the influence of increasing the
mass of the positive electrode on the potential range of the electrodes,
the cell equilibrium potential and the overall electrochemical behavior
of these hybrid cells will be discussed.

3.2. The electrode mass ratio of 1:1 for (+)ACC/MSP-20(-) hybrid cell

If the mass of the positive electrode is increased compared to the
case discussed in section 3.1, the equilibrium potential shifts nega-
tively, as depicted in the cyclic voltammograms in Fig. 2a before and
after 100 galvanostatic cyles. The two-electrode cyclic voltammogram
after 100 cycles is deformed at low voltage and the shift of the elec-
trode potentials is also indicated by the deviation of the potential pro-
files in the low potential regions. Such a shift of equilibrium potential
is driven by the asymmetric charging behavior of the electrodes (de-
veloped in situ due to progressive iodide immobilization) in this hy-
brid cell and consequently, the negative electrode is driven to too low
negative potentials. The CVs in Fig. 2a show an increased current at
the terminal voltage of 1.5V and the galvanostatic charge/discharge
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Fig. 2. Electrochemical data from two-electrode cell with reference electrode where positive (ACC) to negative electrode (MSP-20) mass ratio of 1:1 was used in 5mol L~}
NaNOs + 0.5 mol L™! Nal, (a) cyclic voltammogram at 2 mV s, (b) galvanostatic charge/discharge at 0.1 A g~! (c) galvanostatic charge/discharge curve at 0.5 A g~'; physicochemical
analysis of the positive ACC electrode extracted from a hybrid cell after 100 galvanostatic charge/discharge cycles at 0.5 A g~!, (d) thermogravimetric analysis TG & DTA curves from
100 °C to 550 °C, (e) Raman spectrum of positive ACC electrode from 50 cm™~! to 250 cm™' showing the presence of I3~ and I5, (f) D- and G-bands of Raman spectrum on positive elec-

trode. Solid and dashed lines in Fig. 1a—c indicated the curves before and after 100 cycles.

curve (Fig. 2b) is not able to reach to the designated voltage of 1.5V
during the first cycle (solid line). Such an electrochemical response is
attributed to the negative electrode working at low negative potentials
where reduction reactions of water are hindered by the presence of io-
dide species [45], marked by the plateau of potential profile. However,
after some cycles and the resulting shift in the equilibrium potential,
the hybrid cell is able to reach the voltage of 1.5 V (Fig. 2b). At 1.5V,
the positive electrode operates in potential window of 0.26 V vs SHE to
0.48 V vs SHE and the negative electrode from 0.07 V vs SHE down to
—1.01 V vs SHE. Nevertheless, the presence of a plateau in the negative
electrode potential profile suggests the strong influence of iodide on the
faradaic processes related to the electrochemical reduction of water at
neutral pH and the overpotential at negative electrode.

When the specific current is increased as shown in Fig. 2c, the
negative electrode exhibits symmetric charge/discharge curves, because
faradaic reactions have less influence at high specific currents. Neverthe-
less, the cell loses capacitance after a few cycles, which is indicated by
the short discharge time. The positive electrode displays mixed behavior
both capacitive EDL charging and faradaic reactions due to the negative
shift of the equilibrium potential. Consequently, at high specific current,
the positive battery-like electrode operates in a wide potential range of
0.19 V-0.59 V vs SHE, which is about 70 mV larger than that described
in section 3.1, contributing to enhanced EDL charging of the hybrid cell
at low voltage.

The thermogravimetry curve in Fig. 2d shows that the decomposi-
tion of iodide species takes place in two steps similar to the case pre-
sented in section 3.1. However, the first mass loss from 190 °C to 310 °C
is slightly higher in Fig. 2d with 6% compared to 4.1% in Fig. 1d.
The second mass loss in Fig. 2d from 310 °C to 450 °C is 13%, which
is slightly lower than in Fig. 1d, indicating that more of the iodide
species are weakly adsorbed on the surface of the electrode and thus
easily desorbed. On the other hand, the formation of iodine is less fa-
vored in the case of equal masses of both electrodes due to the mixed
EDL and faradaic charge storage mechanisms on the same electrode.
It is likely that the polyiodides, which are formed at the positive elec-
trode, are immobilized deep in the carbon pores and therefore not eas-
ily desorbable. The low intensity of the bands for I3~ and Is~ in the Ra-

man spectrum of Fig. 2e confirms their absence on the outer electrode
surface. Nevertheless, polyiodides still affect the position of the D- and
G-bands of the carbon (Fig. 2f), which will be discussed in section 3.4.
This indicates a certain degree of charge transfer between the carbon
host and polyiodides causing also changes in carbon lattice.

3.3. The electrode mass ratio of 2:1 for (+)ACC/MSP-20(-) hybrid cell

Increasing the positive over negative electrode mass ratio to 2:1 for
the hybrid cell in aqueous 5 mol L~} NaNOs3 + 0.5 mol L™} Nal shifts
the equilibrium potential to even more negative values. Now the re-
dox potential range of the iodide species at the positive electrode is
very narrow, as shown in Fig. 3a. The positive electrode in this hybrid
cell clearly demonstrates charge storage by combined EDL and Faradaic
processes. The EDL charge storage takes place close to the equilibrium
potential in the region between 0.01 V and 0.25 V vs SHE and the re-
dox active region is from 0.25V to 0.50 V vs SHE. Given that the to-
tal potential window of the positive electrode is nearly equally shared
between the charging processes of the EDL and the iodide redox activ-
ity and that the equilibrium potential is close to 0 V vs SHE, the neg-
ative electrode is pushed to work at very negative potentials. At a cell
voltage of 1.5V, the negative electrode exhibits a charging plateau at
about —1.0 V vs SHE, which is due to the electrochemical reduction of
water as discussed already for the previous case in section 3.2. Upon
increasing the specific current (Fig. 3b), the charge/discharge curve of
the negative electrode is more symmetric (fast charging shifts the equi-
librium potential to slightly positive values) and the potential of the pos-
itive electrode ranges from 0.11 V to 0.33 V vs SHE for the EDL part
and from 0.33 V to 0.52 V vs SHE for the iodide redox region. Hence,
the positive electrode keeps the mixed EDL/redox charging character-
istics at high specific current. Nevertheless, the potential of the posi-
tive electrode remains far below the thermodynamic oxidation potential
of the electrolyte, preventing oxidation of the carbon material. Over-
all, the galvanostatic charge/discharge curve of the hybrid cell consists
of two regions, which evolve under the influence of the positive elec-
trode: i) the initial charging region at low voltage follows the EDL part
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Fig. 3. Two-electrode hybrid cell equipped with a reference electrode with positive (ACC) to negative electrode (MSP-20) mass ratio of 2:1 in 5 mol ™! NaNO3 + 0.5 mol L™! Nal, (a)
galvanostatic charge/discharge at 0.1 A g~! (b) galvanostatic charge/discharge curve at 0.5 A g~'; physicochemical analysis of the positive ACC electrode extracted from a hybrid cell
after 100 galvanostatic charge/discharge cycles at 0.5 A g™, (c) TG & DTA curves from 100 °C to 550 °C, (d) Raman spectrum from 50 em™~! to 250 cm™! for polyiodide region and inset

showing D- and G-bands for the carbon.

of charge/discharge of the positive electrode, and ii) the high voltage
region, which demonstrates high capacitance owing to the strong re-
dox contribution of the positive electrode, while the negative electrode
stores charges essentially in the EDL. With increased mass ratio of posi-
tive over negative electrode (2:1), clearly mixed behavior of typical EDL
and redox charge/discharge can be seen for a hybrid cell.

The thermogravimetric analysis in Fig. 3¢ demonstrates two distinct
mass loss regions. The first from 190 °C to 310 °C consisting of 16% and
the second from 310 °C to 450 °C with 11% mass loss of the electrode. A
high mass loss at relatively low temperatures and the absence of polyio-
dides in the Raman spectrum presented in Fig. 3d are in sharp contrast
to the cases presented in sections 3.1 and 3.2. Due to the mixed charg-
ing behavior of the positive electrode, it operates only briefly in the io-
dide potential region. Therefore, less iodide is oxidized to iodine conse-
quently forming smaller amounts of polyiodides. The latter are probably
trapped deep inside the pores and not present at the electrode surface.
The first high mass loss in the TGA curves suggests that firstly, the ad-
sorbed iodides are accumulated on the outer surface and secondly, the
polyiodides are produced in low amounts due to less available iodine
in the pores. Moreover, these polyiodides are immobilized deeply in the
pores of the electrode, which is confirmed by the TGA analysis and the
fact they are not detectable by Raman spectroscopy. Overall, Fig. S1
summarizes a comparison between thermogravimetric (TG, DTA) and
Raman analysis (iodide, D- and G-band) of three positive ACC electrodes
from sections 3.1 to 3.3.

3.4. Equilibrium potential and the charge transfer at electrified carbon/
iodide interface

The potential range harnessed by the positive ACC electrode in a
hybrid cell with 5 mol L~! NaNO3 + 0.5 mol L™ Nal is dependent on
the equilibrium potential which in turn is strongly shifted by varying
the mass ratio of the two electrodes. The extent of interaction of the
polyiodides with the positive carbon electrode and related structural
changes are indicated by the disorder induced D-band and the first-order
graphitic G-bands in the Raman spectra in Fig. 4 for the previously dis-
cussed three cases . The low wavenumber region related to I3~ and I5~
detection is presented in the inset (a) and the magnified D and G-bands
in insets (b) and (c) respectively. The polyiodides are more clearly visi-
ble in case of electrode mass ratio 1:2 while there is gradual decrease of
signals with increasing positive electrode mass ratio. It appears that as
soon as the positive electrode demonstrates mixed EDL and battery-like
charge/discharge character, the polyiodides formation is probably less
favored due to lack of molecular iodine (equations (3)—(5)). The inter-
action of polyiodides with the positive carbon electrode has been de-
scribed as a charge transfer [61]. Upon the interaction with iodine/
polyiodides, the lattice of carbon material undergoes structural changes
which are indicated by the shifts of D- and G-bands.

Compared to the pristine ACC electrode, an upshift of both the bands
has been observed for the positive electrode in these hybrid cells. It can
be also seen that the G-band demonstrates lesser upshift in all three
cases as compared to the D-band. An upshift of ca. ~3 cm™! for the
G-band (in all three cases in the present study) is in similar range to the
previously reported one where hybrid cell used 1 mol L™



Q. Abbas et al. / Electrochimica Acta xxx (xxxx) 135785 7

12 2000 (a)
-
]
;;mou
178
u
E p =

50

Raman shift f cm™®

e
e

Normalized intensity
= =
=1 =41

0.2

1000

1100

1200 1300

Intensity

1.1 1
(b) . (c)
1 E=]
208
0.9 2
E
0.8 0.6
1300 1350 1575 1625
Raman shift / em? Raman shift / em

A

1400 1500 1600 1700 1800

Raman shift / cm™?
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Li»SO4 + 0.5 mol L ! KI as electrolyte [61]. In addition, a slight en-
hancement in the intensity of G-band is also observed, the more the
polyiodides present on the positive electrode, the higher the G-band
intensity. In order to quantify the changes in Raman spectra, peaks
have been deconvoluted based on a double Lorentzian for D-band and a
Breit-Winger-Fano shaped for G-band [62]. The spectra are baseline cor-
rected (linear fit) and normalized (vector normalization) for the decon-
volution (see detailed deconvoluted spectra in Supplementary Infor-
mation Fig. S2). Peak analysis allows for further estimating the band
widths, relative band intensities and crystallite size, which have been
evaluated according to the method of Tuinstra-Koenig [63] and Mal-
let-Ladeira et al. [64], respectively. Table 1 shows the D- and G-band
upshifts and intensity ratios, as well as the width of the G-band and cal-
culated crystallite sizes, for the positive electrodes in three hybrid cells
with different electrodes mass ratio.

The D-band upshift appears to be dependent on the extent of charge
transfer between positive carbon electrode and the polyiodides (I3~ and
Is7). The D-band is gradually upshifted and higher D-band upshift is ob-
served for the positive electrode working strictly in the redox region
of iodides and where more polyiodides are formed (hybrid cell with
electrode mass ratio 1:2). Afterwards, as soon as the positive electrode
demonstrates a mixed EDL and battery-like charge/discharge behavior,
less D-band upshift is observed. In contrast to the D-band, the upshift
of the G-band is the smallest for the electrode mass ratio of 1:2 and
increases towards the 2:1 mass ratio. Further, the electrode mass ratio

Table 1

Upshifts of D- and G-bands, G-band half-width at half maximum (I'g), Ip/Ig ratio and L,
calculated according to Refs. [63,64] respectively for the positive electrodes extracted
from hybrid cells with three different electrode mass ratios.

Upshift Upshift

D- G-
Electrodes bandositive bandsitive I'g Ip/Ig L,/nm L,/nm
mass ratio (em 1) (em ™) (em~!) ratio  [63] [64]
1:2 14.4 2.4 30.5 1.22 8.3 7.8
1:1 12.3 3.7 30.1 1.20 8.4 7.9
2:1 8.0 4.2 29.0 1.18 8.5 8.1

of 1:2 has the highest bandwidth for the G-band and the largest Ip/Ig
ratio and consequently the smallest crystallite size (L,). All of this is
consistent with a slight increase of defects or decrease of crystallinity
from the 2:1 to the 1:2 mass ration sample [65-68]. The G-bands be-
havior (upshifted relative to pristine ACC, but downshifted for the 1:2
mass sample) might be understood as a superimposition of upshift due
to the charge transfer and the downshift due to the increase in defects.
Nevertheless, the difference of the Ip/Ig ratio presented in Table 1 is
small and might be insignificant, thus further Raman investigations on
electrodes after long-term ageing are necessary. The SEM images in Fig.
S3 show the areas of positive ACC electrodes (extracted from three hy-
brid cells) analysed by the EDS analysis and the presence of iodides on
the positively polarized ACC electrodes is confirmed by these analyses.
The elemental distribution in Table S1 shows that iodine is equally dis-
tributed throughout the matrix of each positive carbon electrode. How-
ever, the varying amounts of iodine from one electrode to another with
changing mass ratio is a qualitative indication of the redox activity of
iodide during the hybrid cell operation. Overall, the gradual shifts of D-
and G-bands in Raman spectra and enhancement of mass loss during TG
experiments (for hybrid cells of all mass ratio) indicate that the iodide
related species are progressively adsorbed in nanoporous carbon based
positive electrode. Previous investigations on carbon/iodide interface in
aqueous iodide electrolytes have also shown that carbon electrode pores
are eventually blocked due to the accumulation of iodine/iodide species
[44,69].

3.5. Performance of (+)ACC/MSP-20(-) hybrid cells in aqueous
NaNO3+ Nal

The hybrid cells containing three mass ratios of electrodes have been
investigated between 0.1 and 1.5V and the electrochemical data be-
fore and after 100 galvanostatic charge/discharge cycles is presented in
Fig. 5. It is important to note that the cell discharge voltage was cut
at 0.1 V (Eg1y) meaning that the electrodes were prevented from dis-
charging to the potential of zero volt. Such protocol helped to avoid the
unnecessary current peak at close to 0 V as has been observed in pre-
vious studies [26] and dedicated to the iodide redox reactions on neg-
ative electrode. Thereby, effects of these redox redox reactions and re-
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respectively.

lated shuttling of iodides on the cyclability and overall performance
were prevented for all the cells reported in this study. The energy effi-
ciency and capacitance values are evaluated from the 100th galvanosta-
tic charge/discharge cycle. CVs (v = 5mV s~!) of the hybrid cell with
1:2 electrode mass ratio in Fig. 5a are rectangular before and after
100 cycles. Likewise, the charge/discharge curves in Fig. 5b maintain
their symmetric profile up to 1.5 V at a specific current of 0.5 A g71.
Consequently, the cell capacitance of 63 F g~! at 1.0 V (which trans-
lates into 31 F cm™®) and energy efficiency values remain almost con-
stant before and after this cycling period, confirming the stable elec-
trochemical performance of this hybrid cell with a perfect capacitor
like behavior. Besides, the specific energy estimated by power tests
is around 23 Wh/kg at 0.5 kW/kg. Thanks to the correct balancing
of electrode capacities by adjusting the mass ratio of ACC and MSP-

20 electrodes to 1:2, symmetric charge/discharge curves and
square-shaped cyclic voltammograms without the current peaks near OV
were obtained (Fig. S4a,d). Anyway the influence of pore size of positive
carbon electrode for accommodating and retaining the iodide species
should not be ignored as discussed in Ref. [69], meaning that the elec-
trode mass ratio might differ for NaNO3 + Nal system when implement-
ing another nanoporous electrode.

If a 1:1 electrode mass ratio is used in the hybrid cell, Fig. 5c¢ and
5d demonstrate that the cyclic voltammograms do not keep the rec-
tangular shape and the charge/discharge curves are no longer symmet-
ric after 100 cycles up to 1.5 V. The resulting capacitance decreases
from 60 F g~! to 54 F g~! at 1.0 V during cycling. The change in elec-
trochemical behavior for a given cycling period of the hybrid cell with
equal mass ratio of the two electrodes can be correlated with the
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shift of equilibrium potential, as explained in section 3.2. Due to the
positive electrode displaying a mixed EDL and Faradaic charge storage
behavior, the electrochemical charge/discharge characteristics of the
hybrid cell are modified.

Fig. 5e and 5f shows the case, where the active material mass of
the positive electrode is twice that of the negative electrode. The ini-
tial cyclic voltammogram up to 1.5 V shows a high current at the ter-
minal voltage and the initial galvanostatic charging curve up to 1.0 V
is symmetric in shape. After cycling to 1.5V, the charging characteris-
tics are modified with a linear charging part in the initial voltage range
and a plateau in the high voltage region. The capacitance decreases from
56 F g~1 before cycling to 41 F g~ at 1.0 V. Such a behavior is a di-
rect consequence of the shift in the equilibrium potential, which causes
the positive electrode to operate with two charging mechanisms dur-
ing a single scan. After 100 cycles, the energy efficiency of this hybrid
cell with mass ratio 2:1 has decreased from initially 95% to 92%, con-
firming the previous findings of an impairing effect of the equilibrium
potential shift on the cell performance. Taking into account the acti-
vated carbon density of 0.5 g cm™3, the volumetric capacitance values
show a similar trend as gravimetric ones and the hybrid capacitor with
1:2 mass ratio having the highest volumetric capacitance 31 F cm~3, fol-
lowed by 27 F em~2 for 1:1 electrode mass ratio and 20 F cm~ for 2:1
electrode mass ratio. Cyclic voltammograms up to 1.5 V for the two elec-
trode hybrid cells with different electrode mass ratio after 100 cycles are
also shown in Fig. S4, where a gradual shift from a hybrid capacitor
to a hybrid device can be seen. Moreover, the galvanostatic charge/dis-
charge curves are symmetric for the hybrid capacitor where electrodes
are well-balanced at mass ratio 1:2. Figs. S5a and b presents the cyclic
voltammograms of hybrid capacitor with electrode mass ratio 1:2 and
5mol L-! NaNO; + 0.5 mol L~! Nal at various scan rates (5mV s,
10 mV s~} 20 mV s~1, 50 mV s~1, 80 mV s~! and 100 mV s~!) between
0.1 and 1.5 V. The hybrid capacitor keeps a high capacitance of 53 F g~!
at a scan rate of 50 mV s~!. Fig. S5c shows a capacitance decay of
~4% after 5000 galvanostatic charge/discharge cycles at 0.5 A g1 up
to 1.5 V. This slight loss of capacitance could be due to the combined
effect of changes at the electrode surface and iodide shuttling. As previ-
ously reported the electrochemical reduction products of nitrate such as
NO, NO,, N,O and HNO, under various thermodynamic condition may
contribute to oxidation of carbon electrodes surface [70-72] and related
performance loss of hybrid cell. Moreover, any catalytic effect owing to
the presence of nitrate ions on the conversion of iodides to iodine can
not be ignored as well [73]. Overall, the electrode mass ratio of 1:2 with
ACC/MSP-20 setup in NaNOs/Nal proves to be the optimized one for
a hybrid electrochemical capacitor with unchanged potential profiles of
electrode and stable long-term cycling performance. Of course oversiz-
ing too much the negative electrode would shift the equilibrium poten-
tial to the negative values and more iodine/polyiodides would be pro-
duced at the positive electrode with risks of shuttling to negative elec-
trode and deteriorating the hybrid cell performance.

4. Conclusion

The charge transfer at the positive carbon electrode/iodide interface
in a hybrid capacitor with aqueous NaNOs/Nal electrolyte is strongly
influenced by changing the mass ratio of the two electrodes. This is
due to the progressive increase of positive electrode mass with increas-
ing voltage steps and the continuous adsorption of iodide inside the
nanopores leading to a shift of the hybrid cell equilibrium potential and
eventually to changes in the linearity of the charge/discharge curves.
With an electrolyte composition of 5 mol L~! NaNO3 + 0.5 mol L~! Nal,
a positive (ACC) to negative (MSP-20) electrode mass ratio of 1:2 is
found to be optimal in that the equilibrium potential shift is negligi-
ble and the hybrid cell exhibits stable performance. As the iodide/io-
dine immobilization is dependent on the porous nature of carbon, a dif-

ferent electrode mass ratio may be needed for other carbon materials to
be used for building hybrid capacitor with NaNOs/Nal electrolyte. For-
mation of iodine through iodide oxidation plays a key role in produc-
ing polyiodides. The more iodine is produced in the porosity of carbon
according to equation (3), the more polyiodides are formed, which is
confirmed by theromgravimetric analysis and Raman spectroscopy. The
concept of electrode mass balancing has been applied to almost all en-
ergy storage systems. However, it is of utmost importance for those sys-
tems, where adsorption of species on the electrode surface is progres-
sive, rendering the selection of the initial mass of the electrode very im-
portant. Based on these findings, a careful selection of electrodes mass
ratio is recommended for hybrid cells and the mass of electrolyte should
be considered as well, when reporting the capacitance and energy para-
meters.
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