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ABSTRACT: We report a new electrochemical capacitor with an aqueous KI- 10°
KOH electrolyte that exhibits a higher specific energy and power than the state-
of-the-art nonaqueous electrochemical capacitors. In addition to electrical double
layer capacitance, redox reactions in this device contribute to charge storage at
both positive and negative electrodes via a catholyte of 10, /I" couple and a
redox couple of H,O/H,4 respectively. Here, we, for the first time, report
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(KI-KOH 1.5V
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utilizing I0,~/I" redox couple for the positive electrode, which pins the positive 1% %
electrode potential to be 0.4—0.5 V vs Ag/AgCl With the positive electrode

potential pinned, we can polarize the cell to 1.6 V without breaking down the

aqueous electrolyte so that the negative electrode potential could reach —1.1 V vs ,

Ag/AgCl in the basic electrolyte, greatly enhancing energy storage. Both mass LR

spectroscopy and Raman spectrometry confirm the formation of IO;~ ions (+5)
from I” (—1) after charging. Based on the total mass of electrodes and electrolyte
in a practically relevant cell configuration, the device exhibits a maximum specific
energy of 7.1 Wh/kg, operates between —20 and 50 °C, provides a maximum specific power of 6222 W/kg, and has a stable
cycling life with 93% retention of the peak specific energy after 14 000 cycles.
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Bl INTRODUCTION

Electrochemical capacitors (ECs) have a broad range of
applications.' > ECs store energy by two mechanisms: electrical
double layer (EDL) capacitance and pseudocapacitance.” EDL
capacitors (EDLCs) employ electrodes comprising activated
carbons (ACs) with high specific surface areas. The capacitance
derives from electrostatic interaction between the polarized
electrode surface and the attracted solvated ions, thus forming
an EDL on each electrode. EDLCs exhibit excellent cycling life

. . o . 56
and high specific power but limited energy density.”” To date, an alkaline poly(vinyl alcohol) gel electrolyte, KI was also

much effort has been devoted to the7 syntheses of nanoporous added to increase the ionic conductivity and pseudocapaci-
carbons with tunable properties,” to understanding the tance.””

interaction between solvated ions and the electrode surface,

Recently, integrating solvated redox-active species into
electrolytes has emerged as a new strategy to increase the
energy density of EDLCs.>*~>® The principle behind this
strategy is that the redox species remain solvated during cycling,
providing faster diffusion and kinetics than solid-state materials.
As Lota et al. reported, Kl-solvated aqueous electrolyte with
I;7/I" redox couple displays an enhanced capacitance due to
the electrochemical behavior of carbon/iodide interface.”** It
was also published that ECs with KI as an additive to an
electrolyte of sulfuric acid exhibit enhanced specific energy.”® In

and to elucidating the mechanisms of EDL formation.”*™"”
Pseudocapacitors, on the other hand, are essentially high-rate
batteries employing redox active electrodes that can operate on
either of the two mechanisms: (1) surface/near-surface redox
reactions and (2) intercalation redox reactions.'® Great
progress has been made in developing pseudocapacitors
based on conductive polymers'®~*
metal oxides,”>”*° but such chemistries often suffer compro-
mised power and cycle life compared to EDLCs.

and various transition

-4 ACS Publications  © 2015 American Chemical Society

Along this line, we reported a hybrid electrochemical
battery—supercapacitor system utilizing an electrolyte contain-
ing anionic catholyte and cationic anolyte derived from the
mixture of solvated KI and VOSO,, which showed improved
energy density and good cyclability.”® Very recently, a
combined electrolyte with two physically separated compart-
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Figure 1. Three electrode galvanostatic charge—discharge at 1 A/g (A) when charging to 1.5 V and (B) when charging to 1.6 V. (C) Long-term
cycling at 5 A/g (black in Swagelok cell, blue in coin cell, specific energy calculated based on the mass of both electrodes). (D) Ragone plot
calculated based on the total mass of both electrodes and electrolyte.”” Adapted by permission from Macmillan Publishers Ltd.: [Nature Materials]

(ref 40), copyright (2008).

ments: pH-neutral KI for the positive electrode side and KOH
for the negative electrode side was reported.”” In this cell, the
maximum cell voltage reaches 1.5 V, compared to 1.0 V
typically reported by other aqueous-based ECs. The voltage of
1.5 V for the cell is achieved for polarizing the negative
electrode to —1.4 V vs standard hydrogen electrode (SHE) and
the positive electrode to 0.1 V vs SHE. In this cell, the positive
electrode operates on the I;7/I” redox couple, which pins the
positive electrode at 0.1 V vs SHE. It appears that the hydrogen
evolution reaction is suppressed even down to —1.4 V vs SHE,
which allows, in this paper, an investigation on hydrogen
adsorption/desorption redox reactions on the surface of porous
carbon.

Herein, we, for the first time, report the electrochemical
properties of an aqueous electrolyte of mixed KI and KOH.
The motivation of mixing KI and KOH is to explore the
possibility of using the redox couple of 10, /I”, where the 10,~
can be either I0;~ or IO, , which is confirmed by mass
spectroscopy and Raman spectrometry. This is because,
according to the Pourbaix diagram of iodine, when the cell is
polarized, the I” ions in a basic electrolyte will be oxidized into
10,7, that is, I0;” and/or 10,7, instead of I;~, pinning the
potential on the positive electrode side. Therefore, the full cell
voltage can be high as long as the hydrogen evolution reaction
is effectively suppressed by the basic electrolyte on the negative
electrode as well as a high overpotential. With this KI/KOH
electrolyte, here the reported aqueous cell approaches a voltage
of 1.6 V.

B EXPERIMENTAL SECTION

Preparation of Carbon Electrodes. Carbon fibers (Donacarbo S-
241 from Osaka gas Co., Ltd.) were activated to obtain a high specific
surface area under CO, with a gas flow rate of 229 cc/min at 920 °C
for 18 h. Such conditions are the result of optimization to obtain a
surface area above 2400 m*/g. In forming an electrode, the obtained
activated carbon was mixed in amyl acetate with polytetrafluoro-
ethylene (PTFE) and carbon black (Super P) by a weight ratio of 8/1/
1. After drying in air, the mixture was processed into a self-standing
film by a rolling machine, which was later dried inside a vacuum oven
at 80 °C overnight. The active mass for the final electrodes is ~S.1
mg/ cm?, where the electrode is of a thickness of ~90 um.

Porosity Measurements of Porous Carbon. Specific surface
area was measured by using a Micrometrics TriStar II 3020 analyzer.
Samples were degassed under N, at 250 °C for 4 h before the
measurements. BET surface area and pore size distribution were
obtained and calculated from N, sorption isotherms at —196 °C.

Electrochemical Characterization. Three-electrode cells were
assembled in custom-made T-Swagelok cells, consisting of two
identical carbon electrodes and a saturated Ag/AgCl electrode as the
reference electrode (RE). The three-electrode cell in this work is
slightly different from the conventional configuration of three-
electrode cells, where there typically is a working electrode, a counter
electrode, that is, a platinum wire, and a reference electrode. In our
system, two identical carbon electrodes serve as both working and
counter electrodes. Coin cells were made in a symmetric configuration,
using a polycarbonate membrane as the separator with a thickness of 9
um and porosity of 17.7% (Sterlitech Corporation). Each coin cell
contains only 10 uL of electrolyte to test the performance with limited
electrolyte, which is sufficient to fill up the porosity of both electrodes
and the separator. By calculation, the void volume inside both
electrodes and separator is only ~8.40 uL (see Supporting Information
for detailed calculation). The galvanostatic charge—discharge tests
were conducted on a Maccor Series 4000. The cyclic voltammetry
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(CV) measurements were carried out on an EC-lab VMP3 instrument.
Specific capacitance C (F/g) was calculated from galvanostatic
charge—discharge measurements with the equation:

21t

mV (4)
where I is the constant current (mA), t is the discharge time (s), m is
the active mass on one electrode (mg), and V is the maximum cell

voltage (V). Specific capacitance can be also obtained from CV
measurements with the equation:

C=

v,
c= 1000 [*ryyav
mo(V, = V) Jv, (B)

where m is the active mass on one electrode (mg), v is the scan rate
(mV/s), V. is the cathodic potential (V), V, is the anodic potential
(V), and I is the current response (mA).

Specific energy E (Wh/kg) was calculated by integrating the area

beneath the discharge curves with the equation:

10001 [0
= V(t) dt
3600m [ ® (©)

where I is the discharge current (mA), m is the total mass of both
electrodes and electrolyte (mg), t is the discharge time (s), and V is
the cell voltage (V).

Average specific power P (W/kg) was calculated from the following
equation,

_ 3600E
t (D)

where ¢ is the discharge time (s), and E is the specific energy (Wh/kg).

Nonaqueous Maxwell capacitors (BCAP0001-1F and BCAP0010-
10F) were tested at different current densities for comparison. We
count only the mass of electrodes and electrolyte for these commercial
cells for comparison purposes.

Mass Spectrometry (MS). The cell was cycled for 3000 cycles at a
voltage of 1.5 V before it was taken apart to collect the charged
electrolyte. Electrolyte was diluted by 1000 times before tests. A
Waters Synapt G1 HDMS mass spectrometer equipped with a Z-spray
electrospray ionization source was used to acquire the MS data in the
negative-ion mode. The voltages of capillary, sampling cone, and
extraction cone are 1300, 40, and 4.0 V respectively. The source and
desolvation temperatures are 80 and 450 °C.

Raman Spectroscopy. Raman spectra were measured in DXR
SmartRaman with 780 nm laser as the excitation source. Through the
50-um slit, data were collected in 8 exposures with 8 s each time.

P

B RESULTS AND DISCUSSION

After CO, activation of carbon fibers, a high surface area of
2405 m?/g and a total pore volume of 1.0 cc/g were obtained
(Figure S1). With the nanoporous activated carbon as the
electrodes, we assembled three-electrode cells and two-
electrode symmetric cells to investigate the electrochemical
behavior of an aqueous electrolyte comprising 4 M Kl and 1 M
KOH (Figure S2). Galvanostatic charge—discharge cycles were
collected in a three-electrode cell at a current density of 1 A/g,
which is normalized to carbon mass in one electrode. Figure 1A
shows the potential profiles when the three-electrode cell is
charged to 1.5 V. At the 200th cycle, full cell potential profiles
exhibit sectioned sloping regions, while a well-defined plateau at
0.4 V vs Ag/AgCl is observed at the positive electrode, which is
from the redox reactions involving iodide. This is consistent
with the Pourbaix diagram, which shows the predominant
oxidized species in basic aqueous media as iodates, I0;”. On
the negative electrode, the potential profiles are slightly curved
lines, indicating some faradaic reactions in parallel with the
capacitive charging on the activated carbon.

From the 200th cycle to the 2000th cycle, specific energy
faded. At the 2000th cycle, we conducted the three-electrode
charge—discharge test (red curves in Figure 1A). Interestingly,
the potential plateau on the positive electrode was diminished
compared to the profile at the 200th cycle. We also observed
that the potential of short circuit (PSC) of carbon electrodes
was significantly lowered from —0.2 to —0.5 V vs a Ag/AgCl
reference electrode after 1800 cycles. The negative shift of PSC
caused less capacitive contribution to total charge storage on
the negative electrode, and more capacitive contribution on the
positive electrode. Because the combination of faradaic and
capacitive charge storage on the positive electrode must equal
the capacitive charge storage (this may include hydrogen
adsorption) on the negative electrode, when the PSC shifts
negatively, less charge-storage from the redox reactions is
needed on the positive electrode at the same cell polarization of
15 V.

After the 2000th cycle, we increased the cell voltage from 1.5
to 1.6 V in order to better take advantage of the redox reactions
on the positive electrode. As shown in Figure 1C, the specific
energy based on the mass of both electrodes increased from 6
to 16 Wh/kg (the electrolyte mass was not included due to the
excessive electrolyte in three-electrode cell). We collected
three-electrode charge—discharge potential profiles at the
4000th, 6000th and 11 000th cycles, as shown in Figure 1B.
The negative electrode polarization was observed to be —=1.1 V
vs Ag/AgCl, consistently. The positive electrode polarization
increased from 0.4 to 0.5 V, showing a large plateau, which
resulted in a dramatic increase in specific energy. However,
upon increasing the cell voltage from 1.5 to 1.6 V, the
Coulombic efficiency decreases. In the 1999th cycle, the
Coulombic efficiency is 96.8%, which decreases to 86.9% in the
2001st cycle. We attribute the lowered Coulombic efficiency to
the irreversible reactions on the negative electrode side. As
revealed in Figure 1B, it is evident that the potential profiles are
highly reversible on the positive electrode in the 4000th,
6000th, and 11000th cycles. However, on the negative
electrode side, plateaus are observed near —1.0 V vs Ag/AgCl
during charging, whereas such plateaus are absent in the
following discharge, resulting in the lowered Coulombic
efficiency and energy efficiency. For the irreversible reaction
on the negative electrode, we attribute it to a certain extent of
hydrogen evolution reaction (HER), where the evolved
hydrogen gas may not be oxidized reversibly. From the
4000th cycle to 11 000th cycle, the consistency of cell potential
profiles is responsible for the stable cycling performance, as
shown in Figure 1C. From the 3000th cycle to 17 000th cycle,
the fading in specific energy was only 7%, indicating excellent
reversibility of the KI-KOH system. Coin cells were also tested,
which is shown in blue in Figure 1C. The specific energy faded
from 18 to 14 Wh/kg from the 7000th to the 17 000th cycle.
Further cell optimization will likely enable these already
impressive values to be improved.

The fact that PSC shifts to lower values during the initial
cycling at cell polarization of 1.5 V but increases over further
cycling at cell polarization of 1.6 V is very interesting. However,
a comprehensive investigation of PZC and PSC of the
electrodes by itself can be an independent project, which is
thus beyond the scope of this work. Here, we provide our
thoughts on this issue supported by experimental evidence.

The lowered PSC during the initial cycling at a cell
polarization of 1.5 V can be related to the hydrogen adsorption
on the negative electrode. When some irreversibly adsorbed
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hydrogen atoms cover the negative electrode, its PZC decreases
as documented by prior studies,*"** which may lower the PSC
for the cell. Interestingly enough, upon increasing the cell
polarization to 1.6 V, the surface of carbon positive electrode
was, indeed, oxidized to a certain extent, where, revealed by
energy dispersive X-ray (EDX) spectroscopy, the mass ratio of
oxygen over carbon of the positive electrode increases from
2.8% to 5.7% after cycling for 2000 cycles (Figure S3). It is
known that oxidized carbon surface causes an increased PZC of
porous carbon electrode,*** which overcomes to the impact
from the negative electrode and causes the PSC to increase
over cycling at 1.6 V.

Another issue is whether applying 1.6 V to the cells causes
breaking down of the aqueous electrolyte. We recognize that
the thermodynamic potential value of water oxidation is lower
than the potential where the positive electrode is finally
polarized at the end of charging process. However, such
oxidation reaction is normally kinetically inhibited even if
catalysts are employed. Oxidizing water, that is, via the oxygen
evolution reaction (OER), is no trivial task due to the large
overpotential. Even with noble metal oxides as catalysts, for
example, rutile-type RuQ,, the state-of-the-art catalyst for OER,
the reaction still suffers overpotential of 0.2 V.* As indirect
evidence that OER is not severe, the cells with very limited
volume of electrolyte, that is, 10 L, can be run for well more
than 15 000 cycles. The electrolyte would be soon consumed if
OER or hydrogen evolution reaction (HER) occurred to a
significant extent, which is clearly not the case.

A Ragone plot is a straightforward way to show specific
energy and power, which we calculated based on the combined
mass of both carbon electrodes and electrolyte. Cells with an
electrolyte of 4 M KI and 1 M KOH, polarized to either 1.5 or
1.6 V were tested at 3, 5, 10, 20, 50, and 100 A/g, respectively
(Figure 1D). To compare our system with aqueous EDLCs,
cells with an aqueous electrolyte of 6 M KOH polarized to 1 V
were also tested. Cells with the KI/KOH electrolyte exhibit
superior performance in both specific energy and power,
compared to the KOH-based EDLC. At 3 A/g and charged to
1.6 V, the KI-KOH cell obtained 7.1 Wh/kg and 291 W/kg,
while at 100 A/g, the cell exhibits 1.1 Wh/kg and an impressive
power of 6221 W/kg, which is comparable with the state-of-
the-art EDLCs based on nonaqueous electrolytes (2 types from
Maxwell) (Figure 1D). Additionally, our system uses a cost-
effective and safe aqueous electrolyte, which is encouraging for
potential practical applications.

We next tried to understand the enhanced performance of
the KI/KOH electrolyte. Referring to the iodine Pourbaix
diagram (Figure S4), the possible species that exist at pH 14 are
17,1057, and H,IO¢*". When I” is oxidized during charging, the
final species could be either I0;~ or H,IO4*", corresponding to
6 or 8 total electrons transferred.

The mechanism of IO;~ formation from I, has been reported
and discussed in literature.***

I, + H,O - I” + HOI + H' (1)
)

In the KI/KOH electrolyte, I” is oxidized to I, first that
disproportionates, in a basic solution, to form hypoiodous acid
(HOI). HOI further disproportionates to form iodate. The
overall reaction is as follows:

I” + 60H™ — 10,” + 3H,0 + 6¢”

3HOI - 10,” + 21" + 3H"

©)

19981

In order to identify the I-containing species in the electrolyte,
we collected MS for the electrolyte (4 M KI and 1 M KOH)
from a two-electrode coin cell after 3000 cycles as well as a
standard sample of KIO; solution (Figure 2). For the charged

174.8924 Standard KIO,
4000
316.7593
2000
128.9643
248.9863 /318.7500
04 | R TR i\ .AIH\
b T T T T T T 1
» 100 150 200 250 300 350 400
c
Q 126.9023
E 200004 KI-KOH after charging
292.7759
10000+ 276.8018|315.7429
3187401
04 i
1(|)0 1t|30 2(|)0 250 3(I)O 3éO 4(I)0

m/z

Figure 2. Mass spectra of a standard KIO; solution and the electrolyte
of KI-KOH after cycling ending when fully charged.

KI+KOH electrolyte, the first three major peaks at 126.9023,
292.7759, and 276.8018 m/z are assigned to be I~ (126.9045
m/z), KI,~ (292.9074 m/z), and Nal,~ (276.7987 m/z),
respectively. The other two major peaks at 316.7428 and
318.7401 m/z in the charged electrolyte match the peaks at
316.7593 and 318.7500 m/z in the standard KIO; solution,
which are assigned to 10;7-8H,0 (317.0087 m/z) and 10,
7H,0 (319.0246 m/z), respectively. This presents strong
evidence for the formation of iodate and periodate over cycling
of our device. This is a fundamental difference between our
system and the device investigated by Frackowiak et al.””

In order to further confirm the formation of iodate, we
conducted Raman spectroscopy measurements for the KI
+KOH electrolyte before and after charging by using pure KIO;
and water as control samples (Figure SS). From the Raman
results, the charged electrolyte of KI+KOH shows a much-
enhanced signal at 800 cm™' as the standard KIO; solution,
which can be assigned to the nonpolar stretching vibration of
10;~ (symmetry A,).*® Therefore, both MS and Raman results
indicate that IO;~ (+5) has been formed after charging.

On the negative electrode, the curved charge—discharge
potential profiles indicate simultaneous redox reactions and
capacitive charging. Hydrogen adsorption/desorption could be
responsible for this and the mechanism has been explained and
discussed in the literature.””** In alkaline solution, water can be
reduced through Volmer reaction 4 to form adsorbed hydrides:

H,O+e¢ — H+ OH (4)

©)

However, due to Heyrovsky reaction 6 and/or Tafel reaction 7,
adsorbed hydrides can be discharged to form H,, which would

result in irreversible capacity loss in our device:

C+H - CHy,

CH;+H,O+e¢e - H,+O0OH +C 6)
2H —- H, 7)
CH,;+ CH,, —» H, + 2C (8)

For hydride formation to provide significant reversible capacity,
the activation barrier for the Heyrovsky and Tafel eqs 6 and 7)
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must be larger than that for the Volmer reaction (eq 4). These
conditions are typical in basic media.*”

Because the charge storage on both positive and negative
electrode sides may rely on redox reactions, it is of fundamental
interest to evaluate the charge storage mechanisms and
compare the contribution from capacitive storage to that
from diffusion controlled storage. Thus, CVs were tested in
three-electrode cells for both positive and negative electrode at
various scanning rates from 1 mV/s to 50 mV/s. From Figure
3, the PSC is about —0.37 V vs Ag/AgCl, and the negative and
positive electrode are polarized to —1.06 and 0.44 V,
respectively, when the cell is charged to 1.5 V. From —0.7 to
0.3 V, the rectangular shape of CVs indicates the ideal
capacitive behavior of the capacitor, while the peaks at —1 and
0.4 V correspond to redox reactions. We attribute the redox
peak at —1 V to the hydrogen adsorption and desorption on the
porous carbon, which provides a fraction of redox capacitance
on the negative electrode, especially at low potential. On the
positive electrode, the redox peak at 0.4 V correlates to the
redox reaction of iodine-containing species. Inside each CV, the

19982

shaded area is the capacitive contribution, that is, current is
proportional to scan rate v, which is described as kyv."**
The redox reactions are typically diffusion-controlled

processes that are proportional to v'/2
1/2

, thus the corresponding
. By testing CV at different
scanning rates, the coefficients k; and k, can be calculated for
different potentials, and the total current can be deconvoluted
into diffusion-controlled and capacitive contributions. As shown
in Figure 3, the midpotential region is dominated by capacitive
current, and the gap between total current and capacitive
current (shaded area) at low potential and high potential is
from the diffusion-controlled redox processes, which decreases
as the scanning rate increases. We note that diffusion
limitations driving the redox reactions likely play a major role
in the decrease of current at faster scan rates. In Figure 3F,
when the scan rate is increased to S0 mV/s, the total
capacitance from negative electrode and positive electrode
drops from 251 F/g (1 mV/s) to 118 F/g, and from 183 F/g (1
mV/s) to 122 F/g, respectively. However, little difference is

current contribution is k,v
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observed in the capacitance from the double layer charging
process when increasing scanning rates.

In order to further investigate hydrogen adsorption/
desorption, galvanostatic charge—discharge profiles at the
negative electrode are compared between KI and KI/KOH.
In Figure 4A, negative electrode specific capacity (normalized
to single electrode mass) is plotted versus negative electrode
potential. At higher cell voltage (from 0.8 to 1.5 V), the
negative electrode is polarized to more negative values (from
—0.5 V to —1.1 V). In the presence of KOH, the slope
(capacitance) of the discharge profile is steeper, indicating a
stronger capability to store charge. In Figure 4B, higher
capacitance is observed using KI/KOH electrolyte, which is
attributed to the enhanced hydrogen adsorption/desorption in
porous carbon. (More detailed investigation in the Supporting
Information.)

Self-discharge is another important factor affecting the
capacitor applications. To study the self-discharge, the capacitor
was charged to 1.5 V at 1 A/g, and relaxed for 24 h with the
open circuit voltage (OCV) recorded. In Figure S (green line),
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Figure S. Self-discharge for 24 h with and without of KOH and with
separators with different thickness.

for the KI+KOH system, OCV remains at 0.93 V out of 1.5V
(62%) after 24 h. Interestingly, after 24 h, the OCV of the pure
EDLC with KOH as the electrolyte was only 0.52 V out of 1 V.
We further discovered that the thickness of separator has a
significant impact on the rate of self-discharge. When switching
the separator with a thickness of 180 ym to the one 9 um thick,
the self-discharge rate turns faster for the KI+KOH system. Yet,
with such a thin separator, the rate of KI+KOH is still
comparable to the pure KOH system with the separator 180

pum thick. Ongoing studies are focused on understanding the
relatively slow self-discharge of the KI/KOH system.

Temperature response is another concern for aqueous
capacitors. Therefore, we measured the specific energy based
on the combined mass of electrodes and electrolyte and self-
discharge from —20 to 50 °C in a constant temperature
chamber. Without any additives, the KI+KOH cells can operate
at —20 °C due to the freezing point depression. According to
Blagden’s Law, the theoretical freezing point is calculated to be
—23.7 °C, which explains the performance.

Although we use a high concentration of KI, because of its
high solubility in water, no effects due to precipitation are
found even at —20 °C, so a high capacity is maintained. We
observed increasing specific energy and decreasing round-trip
energy efficiency as we increased the working temperature
(Figure 6A), which can be explained by faster kinetics and
diffusion rates at higher temperatures, along with an increased
number of side reactions. We also found increasing internal
resistance caused by slower ion movement at lower temper-
atures, but even at —20 °C the IR drop is still below 0.03 V.

Self-discharge could be a problem when we use the cell at
temperatures higher than 30 °C, due to increased diffusivity and
the resulting self-discharge via a possible redox shuttle
mechanism.””" As shown in Figure 6B, after 5 h at open
circuit voltage, the OCV dropped to 04 V (or lower) at
working temperatures above 40 °C. However, when tested at
low temperature, self-discharge was slowed down dramatically.
Below —10 °C, the cell voltage only dropped to 1.2 V after S h.

B CONCLUSION

The advanced redox electrolyte of KI-KOH combines two
redox energy-storage processes in aqueous electrochemical
capacitors: hydrogen adsorption/desorption and 10;™/I" redox
reactions. With the presence of KOH, we are able to charge the
cell to 1.6 V and achieve a specific energy above 7 Wh/kg
(accounting for the mass of both electrodes and electrolyte)
and an average specific power above 6200 W/kg. Excellent
cyclability is obtained with only 7% loss in device specific
energy after 14 000 cycles. For self-discharge, over 62% of the
voltage remains after 24 h, slower than traditional EDLC (6 M
KOH). The large operating temperature window is practically
important. This electrolyte thus constitutes important progress
in the development of “redox-enhanced” electrochemical
capacitors, as it promises an efficient mechanism to increase
the storage of electrical energy with long cycle life and the
potential for low cost and safe operation.
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Figure 6. (A) Specific energy and round-trip energy efficiency at different temperatures. (B) Self-discharge for 300 min at different temperatures.
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