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ABSTRACT: We report the excellent charge storage performance of high- @
energy Li-ion capacitors (LIC) fabricated from the mesoporous Co;0,

nanosheets as the conversion-type battery component and Jack fruit
(Artocarpus heterophyllus) derived activated carbon as a supercapacitor
electrode, especially at high temperatures (50 and 40 °C). Prior to the
fabrication, the electrochemical prelithiation strategy was applied to Co;0, to
alleviate the irreversibility and enrich the Li-ions for electrochemical reactions
(Co° + Li,0). The LIC delivered a maximum energy density of ~118 Wh kg™"
at a high temperature of 50 °C. The significant difference is observed at a high
rate of 2.6 kW kg™' at 50 °C with excellent cycle stability up to 3000 cycles,
with a retention of ~87% compared with the LIC cycled at room temperature
(~74%). The magnificent electrochemical performance clearly demonstrates
that the mesoporous structure and residual carbon synergistically facilitated
the Li"/electron transport and hinder undesirable side reactions with
electrolytes to realize high-energy density at high temperatures.
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he development of high-energy and high-power charge systems, the LIC renders the necessary power but seriously

I storage systems is desperately warranted to fulfill the suffers in the energy aspect. This is mainly due to the limited
demand to drive zero-emission transportations like Li-ion kinetics associated with the insertion-type electrodes
electric vehicles (EV) and hybrid electric vehicles (HEV). The proposed and explored. Also, the higher Li-insertion potential
conventional rechargeable batteries, for example, Li-ion into the battery-type component is worth mentioning.4 On the
batteries (LIB) fail to translate the necessary power to the other hand, high surface area activated carbon (AC) is the
system due to the limited Li-ion diffusion kinetics. On the unanimous choice to be employed as an EDLC-type
other hand, the supercapacitors (electric double-layer component.”® Although, a few attempts like heteroatom

capacitors, EDLC) are unable to store the necessary energy
owing to the non-Faradaic charge storage mechanism, though
it offers the high-power capability (>10 kW kg™'). This
eventually leads to the exploration of different kinds of charge
storage systems that can offer both high-energy and high-
power capability. In this regard, Amatucci et al." introduced the
concept of integrating both high-energy LIB and high-power
supercapacitors into the single system called Li-ion hybrid
capacitor or Li-ion capacitor (LIC). Generally, in LIC
assembly, the supercapacitor component is responsible for
the power capability, whereas the battery-type electrode is
accountable for boosting the energy density. In other words,
the LIC involves the two different charge storage mechanisms,
namely Faradaic and non-Faradaic processes. Theoretically, the
LIC should exhibit higher energy and power capability than
conventional LIB and EDLCs.”® However, in practical

doping, surface functionalization, graphene nanostructures,
porous carbons, efc. have been carried out on the capacitor-
type electrode to improve the performance.””® However,
aforementioned attempts yielded a marginal enhancement in
the electrochemical activity in both the power and energy
aspects. Further, the improvement in the energy is not at all
sufficient for practical applications. Therefore, a highly efficient
and high-performing battery-type electrode is necessary to
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bring the commercial reality for LIC, especially looking for the
better battery-type electrode beyond insertion mechanism.

Several transition-metal-based insertion-type materials like
Li,Ti;O,, LiCrTiO,, V,0,, TiP,0,, TiNb,0, TiO,,
LiTi,(PO,);, etc. are proposed to improve the energy density
of the LIC which we described extensively in our review." All
of the insertion-type battery materials exhibited decent energy
density (30 to 70 Wh kg™') and satisfactory electrochemical
performance. However, the higher Li-insertion potential (>1.5
V vs Li) and limited reversible capacity (<200 mAh g™')
hinder the potential use of the aforementioned materials. The
well-known, state-of-the-art graphite can be employed as a
potential battery-type electrode for the LIC configuration in
the prelithiated (LiCg) state.”'? However, the LIC is known
for its high current operation, which eventually leads to the Li-
platting and subsequent dendrite formation on the surface
while employing graphitic anode. Hard carbon is considered as
a tailor-made electrode for the LIC applications owing to the
high rate capability and higher operating potential (>0.3 V vs
Li) than graphite, which mostly escalates the Li-dendritic
formation upon high current operation.”'" Although, the LIC
prototypes available on the commercial market with
prelithiated hard carbon anode and AC cathodes still suffer
to achieve the high-energy density.'”"” This is mainly because
of the limited Li-ion kinetics with lower reversible capacity
(<350 mAh g!). Similar to LIB, the concept of utilizing
alloying and conversion material is proposed for the LIC
perspective.'”'> Among the alloy-type materials proposed, Si-
and Sn-based derivatives are worth mentioning due to the
higher reversible capacity (>600 mAh g™') and lower working
potential (<0.3 V vs Li)."*~'° Unfortunately, the large volume
variation (>200%), unstable solid-electrolyte interphase (SEI)
formation, and poor cycling profile certainly prohibit the
potential use. Also, there is a meagre possibility of Li-dendrite
formation upon high-rate cycling owing to the lower working
potential.” On the other hand, the higher operating potential
(>0.5 V vs Li), high reversible capacity (>600 mAh g™'), and
less volume variation than alloy-type anodes make conversion-
type electrodes potential candidates toward the fabrication of
high-energy LIC."” In particular, Co;O,, which involves an
eight electron reaction, yields the theoretical capacity of ~890
mAh g~.">"%7** The redox potential of ~1 V vs Li clearly falls
within the safer thermodynamic stability window of the
conventional carbonate-based electrolytes, and it is an added
advantage compared to the alloy-type anodes. Further, it is well
established that the nanostructured material is preferred for the
case of conversion and alloy-type anodes, which involves
complete participation of active material in the electrochemical
reaction than bulk.”*** In this line, we made an attempt to
explore the possibility of synthesizing the mesoporous two-
dimensional Co;0, nanosheet (NS) by a simple hydrothermal
reaction. We anticipate that the presence of a porous structure
and carbon layer could facilitate the high rate capability to the
system, which obviously leads to realizing the LIC with high
energy and power capability. Initially, we assessed the Li
storage capability of Co;04-NS in a half-cell assembly vs Li.
The prelithiated form of Co;0,-NS was employed as a battery-
type electrode with an AC counter electrode in LIC under the
optimized mass loading conditions. The AC/prelithiated
Co030,-NS assembly displayed as the maximum energy density
of ~116.3 Wh kg™" at room temperature (25 °C). Besides the
ambient performance, an exceptional elevated temperature
performance is noted and described in detail.

RESULTS/DISCUSSION

The X-ray diffraction (XRD) pattern of the synthesized
Co03;0,-NS and JFAC is shown in Figures la and Sla. Figure
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Figure 1. (a) XRD and (b) BET specific surface area of Co;0, NSs
(inset is pore size distribution).

la, the sharp diffraction peaks positioned at 26 = 31.4, 36.7,
44.7, 59.5, and 65.3° demonstrating the spinel phase of Co;0,
(ICSD 98-002-4210) with space group Fd3m. The high-
intense reflections suggest the highly crystalline nature of the
synthesized material phase. On the other hand, in Figure Sla,
the two broad reflection peaks observed for JFAC from 26 =
14—30 and 38—48 corresponds to the characteristic (002) and
(101) planes, and it corresponds to the amorphous in nature of
the carbonaceous materials. The N, adsorption—desorption
isotherms of Co;0,-NS and JFAC were investigated from the
Brunauer—Emmett—Teller (BET) method, and the results are
illustrated in Figures 1b and S1b. The specific surface area of
C0;0,-NS was found to be 99.743 m* g”', and the isotherms
belong to type-II isotherms with the Hj hysteresis loop of
IUPAC classification. This clearly confirms the presence of
large mesopores with a Barret—Joyner—Halenda pore-size
distribution of ~20 nm (shown inset in Figure 1b). On the
other hand, the shape of JFAC isotherms is completely
different, which is mainly because of the chemical activation by
using the KOH. Apparently, a significant uptake relatively at a
low pressure of below P/P, in the range of 0.05 belongs to the
type-IV isotherm, which is associated with the mixed nature of
meso- and microporosity. The BET specific surface area of the
JEAC is calculated to be ~2351 m* g™".

The morphological features of Co;04,-NS and JFAC were
analyzed from FE-SEM and HR-TEM and are shown in
Figures 2 and S2. The synthesized Co;0, are nearly rectangle-
shaped sheet-like structured dimensions of 3—7 ym, and the
thicknesses are around 70—90 nm (Figured 2a,b and S2ab).
The widespread network morphology of Co3;0,-NS is
assembled from the numerous, randomly oriented nano-
particles in the size of 17—25 nm, coated and well connected
by the polymer derived carbons (Figure 2¢,d). Furthermore,
we examined the microscopic structure of Co;0,-NS
characterized by HR-TEM as shown in Figure 2ef The
measured lattice spacings of 0.245 and 0.276 nm correspond to
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Figure 2. (a—c) FE-SEM and (d—f) HR-TEM images of the
synthesized Co;0, NSs.

the interlayer spacing of (113) and (022) crystal planes. The
appearance of dot spots in the selected area electron diffraction
(SAED) pattern of Co;0,NS signifies the polycrystalline
nature and can be parallel to the cubic spinel phase. Figure S3
shows the FE-SEM image of JFAC present in irregular granules
format and leads to increases in the contact surface area, which
facilitates the fast charge transfer and high capacity. Obviously,
the morphology of the JFAC is consistent with the surface
features of the biomass-derived ACs.’ Upon the calcination of
Co0;0,-NS, the decomposition of the PVP leads to the
formation of the carbonaceous layer. The temperature 400 °C
is not sufficient to completely remove the trace amount of
carbonaceous content. Nevertheless, the presence of such a
trace amount of leftover carbon is certainly beneficial to the
electrochemical activity of Co3;04NS in terms of better
particle connectivity and facile electron transport. Also, the
amorphous carbon is known to sustain the volume variation
observed during the conversion reaction. Thermogravimetric
analysis was performed to estimate the amount of carbon
present in the Co;0, and was estimated to be 0.46 wt %
(Figure S4).

Figure 3 represents the Li-storage properties of the Co;O4-
NS in half-cell assembly (vs Li) at the current density of the
100 mA g_l. Prior to the fabrication of the LIC, the assessment
of Li-storage properties of the battery-type materials is essential
to ensure the reversibility and mass balance. As mentioned
earlier, the Co;0, is a perfect example of the conversion-type
material category, which undergoes an eight electron reaction.
Accordingly, the Li/Co3;04-NS half-cell delivered a capacity of
~2270 and ~1242 mAh g™' for first discharge and charge,
respectively. This corresponds to a coloumbic efficiency of
~55%, which is expected for the case of conversion-type
negative electrodes. The half-cell displayed multiple short
plateaus, and these regions correspond to the various
electrochemical reactions upon the first deep discharge. The
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Figure 3. (a) Galvanostatic charge—discharge and (b) cycling
profile (discharge capacity) of Co;0,-NS in a single-electrode
(half-cell) configuration between 0.05 and 3 V vs Li at a current
rate of 0.1 A g™".

cell potential of ~1.24 V vs Li is associated with the irreversible
Li-insertion into the Co;0, (Li; g4C050,). Further, the long
distinct plateau observed at ~1.08 V vs Li corresponds to the
structural destruction of the above said lithiated phase
(Li; 6C030,), in other words, the formation of electrochemi-
cally generated metallic nanoparticle (Co’) in the amorphous
Li,O phase or conversion of metal oxide into the metallic
phase (Li; 4sC050, + 6.14Li" + 6.14e” — Co° + 4Li,0). Also,
a small distinct plateau is also evident at ~0.84 V vs Li due to
the decomposition of the conventional carbonate-based
electrolyte solution and subsequent formation of the SEI
layer. This SEI layer is composed of inorganic byproducts like
LiF, Li,CO;, efc, along with the polymeric moieties as
well.>**” The formation of stable SEI is one of the important
criteria to establish a high-performance anode, which often
consumes the Li-ions in an irreversible manner. This
irreversible consumption results in the inferior coloumbic
efficiency in the first cycle. On the other hand, a broad peak
located at ~2.02 V vs Li is evident upon the charging process,
which corresponds to the oxidation of the metal to metal
oxides (Co® — Co0;0,).”** The intercalation, conversion, and
oxidation potentials during the electrochemical charge—
discharge process are clearly seen from the differential capacity
profile (Figure SS). The half-cell delivered the capacity of
~1376 and ~1255 mAh g~ for second discharge and charge,
respectively, with a coloumbic efficiency of ~91.2%. Compared
to the first cycle, a dramatic improvement in the reversibility is
noted for the second cycle. A highly stable cycling profile is
observed for Co;0,-NS in the half-cell assembly; for example,
the cell delivered a discharge capacity of ~1657 mAh g™" after
30 cycles. The observed capacity is higher than the theoretical
limitations of the eight electron reaction in which the
contribution of the capacity from the interfacial or SEI layer
is worth mentioning. The marginal increase in the capacity,
compared to the second cycle, is due to the complete
participation of the active material in the electrochemical
reaction. This complete participation could be enabled because
of the porous morphology of the Co;0,-NS, which facilitates
the electrolyte flow. As a result, active material will be exposed
more toward the electrolyte solution and formation of the
stable SEI layer. It is worth mentioning that the presence of a
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trace amount of carbon is one of the beneficial factors to form
the stable SEI layer and also sustain the volume variation
observed upon the charge—discharge processes. This stable
SEI layer not only translates a better electrochemical activity
but also tends to contribute the capacity through the interfacial
layer.®® Overall, the battery-type Co;0,-NS rendered sat-
isfactory Li-storage properties in terms of high capacity and
stability and ensured the suitability to be employed toward the
fabrication of LIC.

Similar to Li-storage capability assessment of the battery-
type Co3;0,-NS, the supercapacitor component, JFAC, was
also subjected to study this environment to foresee the
feasibility to pair. The JFAC was prepared from the Artocarpus
heterophyllus biomass, and the procedure is described in detail
in our previous work.”’ Accordingly, the half-cell was
fabricated and studied at a current density of 100 mA g™/, as
shown in Figure S6. The existence of a linear charge—discharge
curve clearly confirms the reversible formation of a double
layer across the electrode—electrolyte interface. The half-cell
delivered the capacity of ~140 mAh g™' with a coloumbic
efficiency of >99%. Apparently, the JEAC is an excellent EDLC
component to couple with Co0;0,-NS in LIC assembly.
Another important point to mention here is that the Co;0,-
NS exhibits a large irreversibility in the first cycle and also
requires a prelithiation to provide necessary Li-ions for the
electrochemical reaction in a wider operating potential."* In
the LIC assembly, the source of Li-ion is highly limited,
whereas in a half-cell, metallic Li serves as a reservoir for Li-
ions. Hence, the Co;0,-NS is prelithiated by conducting the
three complete charge—discharge cycles and dismantled in the
discharged state (Co” + Li,O).”* Based on the electrochemical
performance of both Co;0,-NS and JFAC in half-cell assembly
with Li, the mass loading between the anode to cathode is fixed
at the ratio of 1:10.

The LIC is fabricated with prelithiated Co;0,-NS as a
battery-type component and JFAC as EDLC-type electrode
under the balanced mass loading conditions (15 mg). Here,
the applied current rate, energy, and power density are
calculated based on the total mass loading of the active
materials, that is, Co;0,-NS and JFAC. The LIC was tested
between 1 and 3.5 V at various scan rates and current densities
and is shown in Figure 4. From the cyclic voltammetry (CV)
traces, the sudden increase in the current at a higher potential
is due to the redox reaction of the battery-type component
involved in the electrochemical reaction. This clearly confirms
that LIC undergoes both a Faradaic and non-Faradaic process.
More clearly, upon the charge—discharge process, the anions
present in the electrolyte solution (PF4~) adsorbed/desorbed
on the JFAC surface and eventually formed the double layer
across the interface. The battery-type component was used in
the discharged state (Co° and Li,O); the formation of Co;0,
is observed during the charging process, whereas the
reconversion into a metallic state happens at the discharge
process. The same behavior is observed for all the three cells
measured at different temperature conditions (Figures S7 and
S8). To further understand, the galvanostatic charge—
discharge studies were conducted, and profiles are given in
Figure 4. The distortion in the linear charge—discharge curve
corresponds to the LIC involved in two different charge
storage mechanisms, and the same trend is noted for the other
two temperature conditions (25 and 40 °C) as well. In all
cases, an increase in the current applied rate tends to decrease
the discharge time, which is generally expected. At higher
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Figure 4. (a) CV traces at various scan rates and (b) galvanostatic
charge/discharge profile of Co;0,-NS/JFAC-based LIC at various
current densities recorded between 1 and 3.5 V at 50 °C.

current rates, the complete particigpation of active materials is
limited for the Faradaic reaction.”® Hence, the decrease in the
discharge time is registered, and it is quite normal for any
charge storage system.

Electrochemical impedance spectroscopy (EIS) study is one
of the versatile techniques to understand the nature of the
interfacial behavior across the electrode and electrolyte
interphase and illustrated as a Nyquist plot in Figure 5. In
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Figure 5. (a) Comparison Nyquist plots of Co;0,-NS/JFAC-based
LIC cycled at 50 °C before and after 3000 cycles. (b) The cycling
profile of LIC at different temperatures recorded at a current
density of 0.2 A g”" between 1 and 3.5 V.

the Nyquist plot composed of three main regions, in which the
high-frequency region corresponds to the solution resistance,
the medium frequency range is associated with the charge-
transfer resistance (Rcr), and the low-frequency domain with
the inclined at 45° vertical tail is referred as a Warburg
impedance. This Warburg tail is always used to understand the
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diffusion-controlled process or kinetically controlled storage
process. The EIS traces were recorded before and after 3000
cycles for all the three temperature conditions. Obviously,
there is not much deviation observed for the LIC’s tested at 40
and 50 °C, whereas a drastic reduction in the Rqy is observed
for 25 °C. However, prior to the EIS measurement, the cells
were aged for 1 h to ensure stabilization. After 3000 cycles, the
SEI layer becomes conductive at 25 °C, which is evident from
the EIS traces. Cycling stability is one of the prime aspects of
each and every charge-storage system. In this line, the cycling
stability of the prelithiated Co;0,-NS and JFAC-based LIC
were tested at a current density of 200 mA g~ and is shown in
Figure Sb. The obtained capacity of all the three temperature
conditions was normalized and compared. After 3000 cycles,
the LIC rendered ~87, ~81, and ~74% of retention at 50, 40,
and 25 °C, respectively. Notably, ~7% higher retention is
noted for the case of conversion-type Co30,-NS-based
assembly. Also, most of the active material failed to translate
the room-temperature electrochemical activity at high temper-
ature, but in this case, we observed a much better performance
at high-temperature conditions. This is quite interesting, and
we strongly believe that the highly porous structure, 2D
morphology, and appropriate mass balance between the
supercapacitor and battery-type electrode are responsible for
this superior performance. Further, studies are in progress to
understand the exceptional performance of this fascinating
system, particularly at elevated temperature conditions.

A Ragone plot is another important way to measure the
power capability of the system with respect to energy density,
as shown in Figure 6. Specific energy (E) and power densities
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Figure 6. Ragone plot of Co;0,-NS/JFAC-based LIC at various
temperature conditions.

(P) were calculated using the following relations: P = (AE- i/
m) and E = (P-t). As mentioned above, the total mass (m = 15
mg) of the active material has been considered for the
calculation of energy and power densities. The average working
potential (AE) is taken for the calculation, rather than the
upper cutoff potential; a representative calculation of average
working potential is given in Figure S9, in which the
intersection of the charge—discharge curves is considered as
the average working potential. I is applied current (A), and ¢
represents discharge time (s) during the galvanostatic
measurement. The LIC delivered more or less the same
energy density at lower current rates, for example, ~118, ~122,
and ~116 Wh kg_1 for 50, 40, and 25 °C, respectively. The
obvious difference is noted at the higher rates, in which, as

expected, at 50 °C, the LIC displayed an energy density of ~33
Wh kg™, whereas ~28 and ~18 Wh kg™ are accounted for the
cases of 40 and 25 °C, respectively. The observed performance
at 50 °C is not only superior to those tested at various
environments but also outperformed other configurations
compared in the Ragone plot. High-temperature performance
is one of the prerequisites to employ any charge storage
system, and not only for this hybrid configuration toward EV
and HEV applications.”*™*” Although the Co0,0,-NS based
LIC is completely fascinating, further studies like the influence,
dimensionality, composite formulation, and subzero temper-
ature performance are essential prior to commercialization.

CONCLUSIONS

We successfully demonstrated the fabrication of high-energy
LIC with exceptional electrochemical performance using the
conversion-type battery electrode, especially at elevated
temperatures. The presence of mesoporosity and a trace
amount of carbon leftover during the synthesis was certainly
beneficial to realize the better performance. Further, the
synergistic support from the supercapacitor-type electrode,
JFAC, and an appropriate mass loading between the electrodes
was very crucial to achieve such high-energy density and
stability. The prelithiated Co;0,/JFAC-based LIC delivered
the maximum energy density of 118 Wh kg™" with an excellent
capacity retention of ~87% after 3000 cycles at 50 °C. Overall,
this study provides an opportunity for the exploration of a
conversion-type negative electrode in hybrid configuration
toward commercial reality.

METHODS

Synthesis of Co;0, Nanosheets and Jack Fruit Activated
Carbon. The mesoporous Co;0, NSs were synthesized by using a
simple hydrothermal method described elsewhere.*® In this
procedure, 1 g of the hydrated form of cobalt chloride (Wako,
Japan) and 4 g of urea (Junsei, Japan) were dissolved in distilled
water. Further, 4 g of polyvinylpyrrolidone (MW = 40,000, Sigma-
Aldrich, USA) powder was added into the above pink colored
solution under constant stirring, and the solution pH became around
4. Then, the clear solution was transferred into a Teflon-lined stainless
steel autoclave and heated at 120 °C for 4 h in a hot air oven. After
the completion of the reaction, the final product washed several times
with water/ethanol and then calcined at 400 °C for 3 h in the air
atmosphere.

The dried pieces of jack fruit (JF) peels were charred at 200 °C for
4 h under the air atmosphere and then ground into a fine powder, as
described in our previous work.>" The black color JE powder was
mixed with KOH (1:2 ratio), and after drying in a hot air oven, the
mixture was activated at 900 °C for 3 h under N, atmosphere. The
resultant product (pH: ~13) was washed several times with water and
ethanol until the pH of the solution became neutral. The obtained
powder was dried in the conventional oven at 80 °C overnight and
designated as JFAC and subsequently used for further character-
ization.

Material Characterization and Electrode Preparation. The
Rint 1000 X-ray diffractometer (Rigaku, Japan) with Cu Ka radiation
was used to record the diffraction patterns of the synthesized Co;0,
and JFAC phases. The BET specific surface area measurements were
performed with a ASAP 2010 surface analyzer (Micromeritics, USA).
The morphological features of samples were examined with field-
emission scanning electron microscopy (S-4700 microscope, Hitachi,
Japan) and high-resolution transmission electron microscopy
(TecnaiF20, Philips, Holland).

All the electrochemical performances of synthesized samples were
studied in the CR2032 coin cells. The mixed slurry [72% active
materials, 14% Ketjen black, and 14% Teflonized acetylene black] was
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pressed on to the 200 mm? stainless steel current collector and then
dried at 160 °C for 4 h under vacuum conditions. The test cells were
fabricated in an Ar-filled glovebox, and the lithium metal was used as
the reference and counter electrode in a half-cell assembly. The
Celgard 3401 polymer was used as the separator and 1 M LiPF (1:1
v/v ethylene carbonate (EC): dimethyl carbonate (DMC), Soulbrain
Co., Ltd., Korea) as the electrolyte solution. Electrochemical studies
like CV, and ac impedance was carried out using an SP-150
electrochemical analyzer (Bio-Logic, France). The charge—discharge
characteristics of the cells were evaluated at different temperatures of
25, 40, and 50 °C.
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