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Regulation of the cathode for amphi-charge storage in a redox
electrolyte for high-energy lithium-ion capacitors
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Operating the cathode of lithium-ion capacitors in an extended
potential window for amphi-charge storage is proposed to combine
with a redox electrolyte-enabled capacity for balancing the capacity
gap between the anode and cathode. As a result, the as-obtained
lithium-ion capacitors offer a 3-fold increase in energy density.

Our increasingly electrified society raises unprecedented demand for
energy storage devices with high energy and large power.'* In this
regard, tremendous research efforts have been devoted to boosting
the practical performance of the dominated energy storage devices,
such as lithium-ion batteries (LIBs) and supercapacitors. LIBs are
operated using bulk-involved faradic reactions, which contribute to
high energy density but very limited power capability. While
supercapacitors generally handle high power because of the fast ions
adsorption/desorption at the interface between the electrode and
electrolyte, they only exhibit very small energy density. As a result,
neither LIBs nor supercapacitors can simultaneously offer high
energy and large power and such an energy storage device remains
to be explored. Since the pioneering work of G. Amatucci, the
hybridization of LIBs and supercapacitors has been demonstrated as
a promising strategy to combine high energy density and large power
capacity into one device, namely lithium-ion capacitors (LICs).>”

In general, LICs consist of one battery-type anode as the
energy reservoir and one capacitive cathode as the power
source.® ° Despite the breakthrough in design rationales, the
imbalance between these two different types of electrodes in
terms of kinetics and capacity remains to be a hurdle that needs
to be overcome for the real application of LICs. Previous studies
have revealed that the imbalanced kinetics can be resolved
through construction of nanostructured anode materials with
remarkable progress achieved in the past few years.10-12 While
for the imbalanced capacity, an excessive amount of cathode
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materials, for example activated carbon (AC), compared to the
anode materials needs to be employed to compensate the
smaller specific capacity of the capacitive materials and this
asymmetric mass loading design has been widely used in
assembling LICs.?® 1% However, the extra amount of electrode
materials can deteriorate the energy density.? It is well known
that the capacity contribution of capacitive materials can
proportionally increase with extending the operating potential
window (OPW).1® 17 In this regard, the loading mass of the
capacitive materials can be reduced if they can work in a larger
OPW.> 18 Through properly modulating the potential of the
zero voltage (Eoy), the capacitive electrodes can be allowed to
operate in an extended OPW in an amphi-charge storable
manner where the anions and cations contribute to capacitive
energy storage at the potentials larger and smaller than 3.0V vs
Li/Li*, respectively.’® As a result, the loading mass of the
cathode materials could be significantly reduced. This
technology is highly effective for LICs with anodes working in
the reductive decomposition potential range of the
electrolyte.?® As for LICs employing power-capable
nanostructured lithium titanate (LisTisO1,) as anode materials,
the effect is limited due to the high plateau of LTO materials
which promotes further exploring more effective technologies.

Herein, we combine the redox electrolyte with amphi-
charge storage, to balance the large capacity gap between the
AC cathode and the nanostructured LisTisO12 anode. In this
regard, such an LIC operates at equal mass loading on both
electrodes yet fully explores the capacity of the anode. The
optimal LIC delivers an energy density of almost 100 Wh kg,
which is 4-fold higher than that of the traditional ones. Because
of deliberately choosing low-cost electrode materials and
employing a facile strategy, this kind of LICs may hold great
promising to find their way in practical applications.

The traditional pairing strategy at an equal mass loading on
both electrodes results in a large unexplored capacity in the
LisTisO1, anode as the capacity of the anode is 4 to 5-time higher
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Fig. 1 lllustration of balancing the capacity gap between the AC cathode and LTO anode. a) The LICs with equal mass loading on both electrodes. b) The

LICs with AC cathode operated in an amphi-charge storable manner. c) The LICs with an amphi-charge storable cathode in a redox electrolyte.

than that of the AC cathode (Fig. 1a).2¥>> When mildly reducing
the Egyv of both electrodes to a lower value, for example 2 V vs
Li/Li*, a significantly increased utilization ratio of the capacity
from the anode is expected (Fig. 1b). However, the relatively
high voltage plateau of the LisTisO12 anode limits the possibility
of fully exploring the potential of this method, which still results
in a waste of quite some capacity of the anode.?* Due to the
potential of boosting the capacity at the desired electrode
without extra mass loading, the involvement of redox
electrolytes in energy storage
supercapacitors, has been considered as an alternative means

systems, for example,

to improve the performance of these devices.?>3% In this
scenario, a redox additive in the OPW of the cathode has been
introduced, allowing the fully exploring the capacity of the
anode (Fig. 1c).

The mechanism of gradually increased performance is
investigated through systematical electrochemical characterization
of the cathode operated using different strategies (Fig. 2). The typical
AC with a large specific surface area (Fig. S1 and S2, ESIt) is used as
the cathode material. When operated through the traditional
manner, namely running in an OPW larger than 3 V vs Li/Li*, a
rectangle-shape cyclic voltammetry (CV) curve and symmetric
galvanostatic charge-discharge (GCD) profile are observed (Fig. 2),
demonstrating the typical capacitive
adsorption/desorption of anions in the electrolyte with a specific
capacity of 30 mAh g*. By extending the lower limit of the OPW down
to 2.0 V vs Li/Li*, the CV curve and GCD profile still reveal a capacitive
contribution where the capacity from the upper portion of OPW
(larger than 3.0 V vs Li/Li*) is derived from adsorption/desorption of
anions on cathode

contribution  from

materials  while  the reversible
adsorption/desorption of Li* is responsible for the capacity in the
lower portion of OPW (smaller than 3.0 V vs Li/Li*) (Fig. S3, ESIT).1%31
Through this simple modulation, the capacity is almost doubled. To
further enhance the capacity, a redox additive with suitable redox
potential and low cost, for example Lil, has been introduced in the
electrolyte to provide extra capacity via the redox reactions as
follow:3?

"> 1/313" +2/3e”

1/313__) 1/2 Iz‘l‘ 1/3e_

E =3.17 Vvs.Li/Li* (1)
E =3.73Vvs.Li/Li* (2)
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Two pairs of redox peaks can be clearly observed in the CV curve
associated with the aforementioned redox reactions (Fig. 2a). As a
result, an enlarged area is produced in the CV curves. Since these
reactions occur on the surface of electrode materials, the amount of
Lil should be properly optimized. Through a thorough investigation
(Fig. S4 and Fig. S5, ESIT), the electrolyte with 50 mM Lil gives the
optimized performance. Another interesting finding is that these
Faradic reactions proceed very fast, as the GCD curve gives negligible
distortion from the isosceles triangle-shaped profile of
electrochemical double-layer capacitance. As the charging and
discharging processes proceed, two-stage redox reactions, namely I
/13 and Is7/1, provide a large capacity for the cathode and the high
reversibility secures a long-term stability (Fig. S6, ESIT). Through the
synergistic combination of the amphi-charge storage and redox
electrolyte-enabled capacity, the specific capacity of AC cathode
increases from 30 to 150 mAh g (Fig. S6, ESIT), compared favorably
to that of the LisTisO12 anode.

To verify the feasibility of this idea in real devices, three different
kinds of LICs are constructed, namely LisTisO12//AC, LisTisO12//AC
with modulated Egy, LisTisO12//AC with modulated Eqy and a redox
electrolyte, which are denoted as LigTisO12//AC-a, LisTisO12//AC-b,
LisTisO12//AC-c, respectively. The LisTisO1, particles were prepared
via the method reported previously.33 These particles of around 1 um
are interconnected to form a highly porous framework (Fig. S7, ESIT)
with high purity (Fig. S8a, ESIT). The electrochemical performances
of the LisTisO12 particles were evaluated where the redox peaks in the
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Fig. 2. a) CV curves and b) GCD profiles of AC/Li half cells with different

working voltage range as well as using Lil as the redox additive recorded
at a scan rate of 2 mV s™ and a current density of 0.5 A g™*.
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demonstrate the pure phase of the as-synthesized materials (Fig. —— 100 —ORF 47y DOCCO4106H
S8b-d, ESIT). The potential variation of both electrodes during the 3‘ -

device performance evaluation was also recorded to give an in-depth <

understanding of the practical operation manner of different LICs. ;- 50+

Fig. 3 shows the GCD curves of LisTisO1,//AC-a. The potential of the %

AC cathode gradually increases from 3.0 to 4.2 V vs Li/Li*, which is 5

very close to the upper limit of the electrolyte, while the plateau of :

the LisTisO1, quickly appears at around 1.55 V vs Li/Li*. The device g

voltage gradually increases from 0 to around 2.7 V. As for the Lﬁ

LisTisO12//AC-b, the intentionally reduced Eqy permits a longer time

10 100 1000 10000

for the AC cathode to reach the upper limit potential. As a result, Power density (W kg'1)

more capacity from the plateau of the anode can be explored, giving

rise to a longer charging and discharging time at the same current i . . .
Fig. 4 Ragone plots of LiaTisO12//AC-a, LiaTisO12//AC-b, LiaTisO12//AC-c,

and other previously reported LisTisO12//AC devices.
a)

bbb el i density. Because of the further incorporation of the redox additive in

the electrolyte of LisTisO12//AC-c, the I ions-involved redox reactions
allow a much longer time for the AC cathode to be fully charged,
which are accompanied by the full exploration of the capacity of the
anode. Thus, the charging and discharging time for this device is
significantly extended compared to that of its counterparts (Fig. 3
and Fig. S9, ESIT).

Ragone plot is widely used to compare the practical performance
of energy storage devices with the value of specific energy density
plotting the specific power density. In order to have a practical view
of the modulation strategy suggested in this work, the three different
devices were plotted for a clear comparison (Fig. 4). The maximum
energy density of LisTisO12//AC-c is almost 100 Wh kg, while the
Li4TisO12//AC-a and LisTisO12//AC-b only give a specific energy density
of 25 and 45 Wh kg, respectively. Moreover, the practical
performance of LICs constructed based on our idea is superior to
many of the previously reported results (Fig. 4 and Table S1, ESIT),3*
37 demonstrating the effectiveness of the synergistic combination of
the amphi-charge storable cathode and the redox electrolyte.

. . . . . In summary, we propose an alternative strategy to boost the
5 2 100? oo wo 2M0 energy density of LICs through operating the capacitive electrode in
Time (s) . .
c) an amphi-charge storable manner in a redox electrolyte, other than

5 o —————— 5 the widely suggested methods of modulating the structure of
e electrode materials. The combined effect allows the gradual increase
in the specific capacity of the cathode, which finally compares
favorably to that of the anode. Moreover, the feasibility of this idea
has been further demonstrated in the LisTisO12//AC-based LICs
where a 3-fold increase in the specific energy density is realized. The
new finding in this work may pave an alternative avenue for further
improving the performance of LICs.
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