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nergy dual carbon Li-ion
capacitors with unique low- and high-temperature
performance from spent Li-ion batteries†
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and Vanchiappan Aravindan *a

Graphite, an ordered layered structure, has been the dominant choice as a stable electrode material since

the commercialization of lithium-ion batteries (LIBs), which could bring about a significant increase in

demand for the material owing to its usage in forthcoming graphite-based energy storage devices. In

this work, we propose an efficient route to reutilize recovered graphite (RG) from spent LIBs as an anode

material for the fabrication of lithium-ion capacitors (LICs) after the required treatment. It was found that

RG displayed a first excellent performance in a half-cell configuration, which further encouraged us to

assemble a full cell using activated carbon as the cathode. Prior to the fabrication of the LIC, the RG was

pre-lithiated (LiC6) to form a graphite intercalation compound to supply Li ions. The resultant dual-

carbon LIC in an aprotic organic solvent delivered a maximum energy density of 185.54 W h kg�1 at

a power density of 0.319 kW kg�1 at ambient conditions. Furthermore, different temperature

performance analysis revealed that the assembled LIC presented a good cycling performance for

a continuous 2000 cycles with �75% capacity retention at 10 �C and 25 �C. The developed dual carbon-

based LIC using recovered RG from spent LIBs offers several promising features, such as low cost and

good applicability in a wide range of temperature operations as well as providing a real solution to

recycle the upcoming massive quantity of spent LIBs generated by different electronic appliances.
1. Introduction

Lithium-ion capacitors (LICs) are generally branded in terms of
a burgeoning energy storage device as they show mid-
performance between lithium-ion batteries (LIB) and electrical
double-layer capacitors (EDLC) by presenting high energy and
power density.1–3 Generally, LICs are fabricated with a high-
capacity battery-type electrode and high-rate capacitor-type
electrode in combination with an appropriate electrolyte,
mostly Li salt in an organic solvent. The charge-storage process
in LICs occurs due to ionic adsorption and desorption on the
EDLC electrode and lithium (Li+) intercalation/de-intercalation
in a battery-type electrode.3,4 Typically, LIBs can achieve high
energy density (150–200 W h kg�1) in an organic electrolyte
system with a low power density (<1000 W kg�1) and short life-
span. On the other hand, supercapacitors/EDLC-type electrodes
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can exhibit a high power capability (>10 kW kg�1) and long life-
span with a low energy density (5–10 W h kg�1). Hence, the LIC
is a smart conguration where the boundaries of both LIBs and
EDLCs can be overwhelmed to realize a high energy density and
high power capability in a single system. Based on the type of
electrode materials, LICs can be categorized into dual carbon
(DC), non-carbon, and hybrid LICs.5 Among the two carbon
electrodes, one undergoes a perfect faradaic reaction, whereas
the others involve non-faradaic processes.

The performance of an LIC mainly depends on the type of
electrode materials, electrolytes, and also the operating voltage
window. Carbon materials are widely used as the electrode
material for LICs due to many factors, like their low cost, ease of
tailoring the specic surface area, sizeable potential window,
high conductivity, and exceptional electrolyte friendliness.4,6,7

Generally, DC-LICs possessing both carbon electrodes are the
most encouraging type of LICs due to their low cost and better
cyclic stability compared with other LICs possessing a metal-
containing insertion-type8 or alloy/conversion-type negative
electrodes.3,5 However, the attractiveness of the LIC concept is
marred by the absence of a lithium source in the electrodes of
the devices as Li+ ions are mainly derived from the electrolyte.
Also, the irreversible formation of a solid electrolyte interface
(SEI) lm on the negative electrode during the cycling of the
system will consume the available Li+ ions, which makes it
This journal is © The Royal Society of Chemistry 2020
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necessary to perform pre-lithiation for the negative electrode
before LIC fabrication.1,2 DC-LICs can be assembled with
a double-layer capacitive carbon as the positive electrode and
pre-lithiated carbon as the negative electrode using an organic
electrolyte solution.5 Long-range-ordered carbonaceous mate-
rials can directly act as battery-type negative electrode in LICs as
they contain active sites for Li+ intercalation and de-intercala-
tion.9 During the diffusion-controlled charge–discharge
process, the faradaic reaction on the negative electrode typically
retains a constant potential, while for the capacitor-type positive
electrode (e.g., activated carbon, AC) the voltage varies linearly
with the charge–discharge time. For the DC-LIC system, the
energy density depends on the specic capacity of the battery-
type electrode, and the power density is inuenced by the type
of capacitor-type electrode.5

Long-range-ordered carbonaceous materials can be consid-
ered as a prospective anode for DC-LICs10–13 owing to their
nearly at Li-intercalation/de-intercalation prole at a low redox
negative potential (�0.1 V vs. Li) and high theoretical capacity
(372 mA h g�1). In general, graphite can be obtained either
articially (synthetically produced) or naturally (mined from the
ground). Based on the purity and morphology, natural graphite
is further classied into three types: amorphous, ake, and vein
graphite. The long-range ordering of graphite material is
essential for the faradaic reaction; however, the graphite should
also be in a highly pure and well-crystallized state. Therefore,
only ake and vein graphite can be used as a raw material for
the anode in LIBs or LICs due to their high degree of graphiti-
zation. Mostly, ake graphite is available in a �75–97% pure
and highly crystallized form. Due to the limited sources of vein
graphite in a few countries, vein graphite may fail to nd a place
in energy applications in the future. Hence, LIB/LIC-grade
graphite is not abundant enough to be considered as a source
of raw material for future energy applications.14

The recycling and reuse of spent LIB materials have become
practical solutions to manage the rising demand for raw
materials to manufacture new LIBs for various applications as
well as to avoid environmental issues.15–19 The direct disposal of
spent LIBs is a menace to human health and the environment
due to the presence of hazardous constituents in the LIBs.
However, spent LIBs can be recycled to regain the valuable
components efficiently, which can then be reused for energy
storage devices as well as for other applications.20–22 Presently,
graphite is the state-of-the-art anode material for the majority of
commercial LIBs. As a result, graphite's market value is pre-
dicted to reach around $27.03 billion by 2025, and indeed
graphite demand could increase in the future since 125 million
electric vehicles are anticipated to run globally by that time.23 By
weight, graphite is �12–21% of the LIB (representing the
second-largest component), which is nearly 10–15% more than
lithium. Also, it should be noted that the large EV battery has
�25 kg of graphite in each LIB anode. The demand for graphite
will surge in the coming years to meet the demand from fast-
growing energy applications, like in electric vehicles, that will
use efficient energy storage devices, such as LIBs and LICs, in
the future.24,25 On the other hand, along with the mounting
demand for LIBs, the number of spent LIBs will also increase in
This journal is © The Royal Society of Chemistry 2020
the e-waste stream, which could lead to a tremendous amount
of waste graphite.26–28 Therefore, there is an opportunity to reuse
the waste sourced from spent LIBs, which offers paybacks of
improving environmental protection andmaking it a more cost-
effective process. In this study, we attempted to recover graphite
material from mixed spent LIBs used in mobile phones by
ultrasonic leaching, which is a simple solid–liquid extraction
method, and to explore the possibility of using this recovered
graphite (RG) as a battery-type electrode material for an LIC.
The compositional and structural characterization of RG was
studied with various analytical tools and the electrochemical
characterization was performed in both half-cell and LIC
congurations. In order to ensure our results and to check their
reproducibility, we made three duplicate cells and compared
the results. Further, we investigated the low- and high-
temperature performances of the fabricated LIC and recorded
the results.
2. Experimental section
2.1. Recovery and utilization of graphite from spent Li-ion
batteries

The spent LIBs from the collected mobile phones were
submerged in NaCl solution for one day irrespective of the
model or manufacturer to allow them to discharge completely
so as to circumvent any hazards while dismantling the batteries.
The current collector Al-foil containing the Li-based metal oxide
and the separator were separated from the anode (Cu-foil
holding graphite paste) and stored for later reuse for energy
applications. First, the loosely-bounded graphite paste was
separated from the Cu foil via a simple sonicationmethod using
de-ionized water to collect “Li” that was on the anode part due
to the solid-electrolyte interphase formation during the charge–
discharge process. Subsequently, any unrecovered graphite that
was hard to remove was treated with dimethylformamide (DMF)
solvent to separate out entirely from the Cu foil. Aer centri-
fugation, the DMF-treated graphite was further washed with de-
ionized water and heated at 800 �C for 3 h under an Ar
atmosphere.
2.2. Physical characterization

The heat-treated graphite material from the spent LIBs was
subjected to powder X-ray diffraction (XRD, ULTIMA-IV, Rigaku,
ARBL-RAD) and Raman spectroscopy (LabRam HR800 UV
Raman microscope, Horiba Jobin-Yvon, France) to study the
purity, structural properties, crystallinity, and phase of the
material. The XRD analysis was done with monochromatic Cu
Ka radiation (l ¼ 0.15406 nm) at a scanning rate of 1� min�1.
Raman spectra of the material were recorded at room temper-
ature using a 515 nm diode laser as an excitation light source. X-
ray photoelectron spectroscopy (XPS, Multilab 2000, UK) was
performed to ensure the presence of different surface func-
tional groups and heteroatoms on the surface of the material.
The surface morphology and internal structure of the material
were investigated with scanning electron microscopy (SEM S-
J. Mater. Chem. A, 2020, 8, 4950–4959 | 4951
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4700, Hitachi, Japan) and high-resolution transmission electron
microscopy (HR-TEM, JEM-2000, EX-II, JEOL, Japan).

2.3. Electrode preparation and measurement

To evaluate the electrochemical performance of the recovered
graphite (RG), the half-cell performance was studied in a coin
cell (CR 2016) assembly with Li metal as the counter electrode
and a reference electrode. The RG electrodes were prepared by
mixing the active material, conductive carbon (Super-P), and
polyvinylidene uoride (PVdF) binder in the ratio of 80 : 10 : 10
using N-methyl pyrrolidone (NMP) solvent. The slurry was
mixed under constant stirring for a period of 6 h to get
a uniform dissolution and further it was cast on to a �0.02 mm
thickness Cu-foil using a doctor blade. The slurry-coated Cu-
foils were dried overnight, and the dried foils were pressed
under a hot roll press (Tester Sangyo, Japan). Disc electrodes
with a diameter of 14 mm were cut out and it was noted that the
mass of active material in each disc was within the range of
�3 mg. Similarly, activated carbon (AC, YP 80F, surface area:
2100 m2 g�1, pore volume: 0.97 ml g�1, Kuraray, Japan) elec-
trodes were prepared by mixing the active material, conductive
carbon (Super-P), and teonized acetylene black (TAB-2) binder
in the weight ratio of 80 : 10 : 10 using ethanol as the solvent.
The electrode material was pressed on a 16 mm diameter
stainless steel mesh current collector (Goodfellow, UK) and the
electrodes were dried at 75 �C in a vacuum oven for 4 h.
Subsequently, half-cells were fabricated in an Ar-lled glove box
using 1 M LiPF6 electrolyte (ethylene carbonate (EC): dimethyl
Fig. 1 Physical characterization of RG: (a) XRD pattern, (b) Raman spect

4952 | J. Mater. Chem. A, 2020, 8, 4950–4959
carbonate (DMC), 1 : 1 v/v, Tomiyama, Japan), with Whatman
paper (1825-047, GF/F) used as the separator for both electrodes
at a current rate of 100 mA g�1. Electrochemical impedance
spectroscopy (EIS) and galvanostatic charge–discharge studies
were performed for both (Li/RG and Li/AC) half cells with
a battery tester (Biologic, France) to check the capability of these
electrodes as the anode and cathode for LIC assembly.
2.4. LIC fabrication and performance analysis

LICs were fabricated in coin cell (CR 2016) assemblies with pre-
lithiated RG (LiC6) and employed as the anode and AC electrode
as the cathode under balanced mass-loading conditions with
a Whatman separator and 1 M LiPF6 in EC:DMC as the elec-
trolyte. First, the RG electrode was pre-lithiated in the half-cell
conguration (Li/RG) using a Swagelok assembly at a constant
current density of 100 mA g�1. Briey, the cell was rst dis-
charged to 0.005 V vs. Li, followed by two complete charge–
discharge cycles (2–0.005 V vs. Li) to yield the lithiated phase
(LiC6). The AC electrodes were formulated with a balanced mass
of active material to compensate for the discharge capacity of
the LiC6 phase. The electrochemical properties of the AC/LiC6-
based LICs were analyzed through galvanostatic charge–
discharge studies (1.8–4.3 V) at various current densities of 0.1
to 2.5 A g�1, and also by EIS measurements. For all the fabri-
cated LICs, the energy and power densities were calculated
based on the total mass of active material in both the electrodes.
Most importantly, the low- and high-temperature performances
rum, (c and d) XPS spectra: (c) C 1s scan, and (d) O 1s scan.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a and b) Surface morphology features of RG: (c) TEM picture,
(d) HR-TEM images with lattice fringes, (e) line profile of the marked
section, (f) SAED pattern of the RG sample.
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of these LICs were investigated using the environmental
chamber (Espec, Japan).

3. Results and discussion

The X-ray diffraction (XRD) pattern of RG is illustrated in
Fig. 1a, showing a sharp diffraction peak at 26.24� conforming
to the (002) plane and agreeing with the hexagonal phase with
the space group P63mc. Further, the peaks positioned at 42.17�,
44.10�, and 54.38� correspond to the (100), (101), and (004)
planes, respectively. The Raman spectrum of the RG is given in
Fig. 1b to elucidate the structural features of the recovered
carbon material from the spent LIBs. As expected, the spectrum
clearly shows the characteristic D and G bands at �1363 and
�1582 cm�1, respectively. Also, the RG intensity ratio of the D
and G bands was calculated as 0.32, indicating the presence of
fewer structural defects and invisible edge distortion in the
graphite structure. It is well known that the appearance of the G
band is mainly due to in-plane vibrations of sp2 carbon atoms,
whereas the D band is due to the presence of amorphous carbon
with sp3 carbon atoms.29–31

X-ray photoelectron spectroscopy (XPS) was carried out to
understand the surface functionalities and the presence of
defects in RG and the spectra can be seen in Fig. 1c and d. The
presence of different surface functional groups on the RG
sample was revealed by the raw spectra of the recovered
graphite32 (Fig. S1†), which indicates the presence of C and O
functionalities. The de-convolution spectra of C 1s conrmed
the C–C stretching in the recovered graphite by displaying
a sharp peak at the binding energy of �284.7 eV. The binding
energies of 286.0, 287.5 and 283.2 eV, correspond to sp3 carbon,
carbonyl carbon (C]O), and sp1 carbon or peaks due to metal
impurities, respectively. The O 1s was composed of three
prominent regions positioned at the binding energies of
�530.5, �532, and �533.5 eV for C]O, C–O, and O–C]O
environments, respectively. The observed XPS spectra clearly
suggest that the RG exhibited similar surface features as
commercial graphite and no by-products were found on the
surface.

The scanning electron microscopy (SEM) images of the RG
are presented in Fig. 2a and b, revealing the morphology of the
recovered graphite. The aky kind of surface morphology was
observed and also it could be noticed that the surface features
were similar to natural ake graphite (NFG). In general, ake-
like graphite is considered to be one of the purest forms of
graphite with a high degree of crystallinity and it is employed in
most commercial LIBs. The HR-TEM pictures of RG conrmed
the presence of a layered structure (multilayer graphene) with
clear lattice fringes and also detected the interlayer spacing of
�0.352 nm, which corresponds to the (002) plane (Fig. 2d and
e). However, the observed d-spacing was slightly larger than the
normal graphitic phase (0.339 nm), mainly because the
continuous Li-ion insertion and extraction process between the
Li-based metal oxide and the graphite layers could expand the
interlayer spacing of the recovered graphite material. Most
importantly, the TEM image clearly showed that the products
formed by the electrolyte decomposition were efficiently
This journal is © The Royal Society of Chemistry 2020
removed in the recovered graphite during the washing process.
Further, the lattice orientations of multilayer graphene were
analyzed by electron diffraction in TEM,33 which showed
hexagonal patterns with bright spots in a triangular geometry,
representing the AB stacking of graphene layers34–36 (Fig. 2f).
The shi in the angle between two adjacent hexagonal rings was
�28–30�. Hence, it could be understood that the recovered
graphite sample still preserved its hexagonal crystal structure
with AB stacking, but had a marginally expanded interlayer
space in-between the adjacent graphene layers.

To employ RG as a potential insertion host in the fabrication
of a high-performance DC-LIC, assessment of the Li-insertion
properties is desperately needed. Therefore, the Li-storage
properties were assessed in a half-cell conguration (Li/RG) at
a current density of 0.1 A g�1, which delivered capacities of
�391 and 330 mA h g�1 for the rst discharge and charge
process, respectively (Fig. 3a). The coulombic efficiency in the
rst cycle was calculated to be �84.4% and was consistent with
that of commercial graphite, which clearly showed that RG
could maintain its structural integrity upon repeated n-number
of charge–discharge cycles during the “rst-life” in the LIB
assembly. The rst discharge capacity of RG was higher than the
theoretical limitation (372 mA h g�1), which was mainly due to
the decomposition of the electrolyte solution. The decomposi-
tion process consumed the Li in an irreversible manner and
formed a surface lm (i.e., solid electrolyte interphase) over the
graphitic anode surface. As mentioned, the formation of the
J. Mater. Chem. A, 2020, 8, 4950–4959 | 4953

https://doi.org/10.1039/c9ta13913c


Fig. 3 Half-cell performance of Li/RG cell: (a) galvanostatic charge–
discharge profile of RG at a current density of 0.1 A g�1, first (red) and
second cycle (black). Inset: differential capacity profile, and (b) cycling
profile.
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solid electrolyte interphase is also essential for the safe opera-
tion of the graphitic anode, since LiC6 is considered to be
a strong reducing agent, which could further reduce the elec-
trolyte solution. Hence, appropriate protection is necessary to
prevent the inevitable side reactions. Further, a well-formed SEI
layer is benecial for the betterment of the cell, since it could
exhibit high Li-ion conductivity, allow the permeation of only
Li-ions into graphite, prevent the solvent molecules co-
intercalation, and could also avoid further reduction of the
electrolyte. On the other hand, in Li-intercalation into graphite,
Li-ions diffuse in the in-plane direction and settle in the sites
between the two graphene planes, which is at the center of the
hexagonal carbon (C) rings along the c-axis (LiC6) and can
deliver a theoretical capacity of �372 mA h g�1.37 More clearly,
Li-intercalation into graphite is a staging process; therefore in
order to probe such a process, differential capacity proles were
derived from the charge–discharge curves (inset, Fig. 3a). The
presence of multiple derivative peaks at lower potentials,
specically <0.2 V vs. Li, correspond to the formation of staged
nano-scale intercalation compounds (LixC6) from stage 4, stage
3, stage 2, and stage 1. The cyclic stability of the RG electrode
was also studied and showed�68.38% retention aer 200 cycles
(Fig. 3b). To compare the performance of RG with commercially
available graphite, the rst charge–discharge curves of both
materials are given in Fig. S2.†

Unlike the symmetric supercapacitors, in the hybrid cong-
uration, both electrodes undergo different charge-storage
mechanisms; for example, RG obeys the faradaic behavior,
whereas a non-faradaic behavior is noted for the counter elec-
trode AC. Therefore, mass balance is very crucial for the
assembly, since the charge-storage capability depends on the
individual electrodes. Hence, AC was subjected to a study of its
half-cell performance (Li/AC) to assess the physisorption
process under the same current rate (0.1 A g�1). The cell
4954 | J. Mater. Chem. A, 2020, 8, 4950–4959
exhibited an initial discharge capacity of 95 mA h g�1 with
a capacity retention of �94% aer 100 cycles (Fig. S3 and S4†).
The linear charge–discharge proles without any prominent
plateaus represent the accumulation of the charge carriers in
the surface of the AC electrode. It was indicated that the AC
demonstrated a purely a non-faradaic behavior, i.e., adsorption
and desorption of ions on the surface and a subsequent double-
layer formation. The anion PF6

� in the Li-based electrolyte was
not only involved in the formation of a double-layer across the
interface but also the cation Li+ was involved in such a process.38

Consequently, the charge carriers, especially Li+, present in the
electrolyte were not sufficient to realize the higher energy
density. To supply a sufficient amount of Li, pre-lithiation of the
battery type electrode is one of the efficient ways to fulll this
requirement. Accordingly, the RG was pre-lithiated (LiC6) in
a Swagelok assembly by way of constructing a half-cell
conguration.

The DC-LIC was fabricated with a pre-lithiated RG (LiC6)
electrode as the anode, AC electrode as the cathode, and 1 M
LiPF6 in EC:DMC as the electrolyte. Briey, in the pre-lithiation,
the half-cell was subjected to two complete discharge–charge
cycles followed by a third discharge, and then it was dismantled
and paired with the AC electrode. The specic capacity of both
electrodes was balanced by considering the second discharge
capacity of the AC electrode and the nal discharge capacity
(3rd discharge) of the pre-lithiated graphite electrode (LiC6).
The LIC was fabricated with a mass loading of graphite to AC in
the ratio of �4.04 to balance their capacities.39 In terms of
weight, the total mass of active material was 11.258 mg
(2.232 mg RG + 9.026 mg AC). The fabricated LIC displayed an
open circuit potential (OCV) of �2.9 V. The charge–discharge
prole of the assembled LICs was tested at different current
rates ranging from 0.1 to 2.5 A g�1 within the potential window
of 1.8–4.3 V at room temperature. It should be noted that the
total active mass of the electrode was taken into consideration
for the calculation of the current density. Upon charging, the
PF6

� ions and partially the Li+ ions in the electrolytes migrate
toward the positive AC electrode and tend to form an electric
double layer on the surface, whereas the Li+ ions are interca-
lated into the gap between the graphene layers. During dis-
charging, the ions will migrate in the opposite direction, and Li-
deintercalation takes place from the graphite.39 The involve-
ment of two different charge–storage mechanisms in LIC was
supported by the CV traces, in which a clear distortion from the
rectangular-shaped curve was observed (Fig. S5†). The energy
and power density values were calculated based on the total
mass of active material in both the electrodes. The energy
density values of LICs were obtained by multiplying the specic
capacity value with the intersecting voltage, i.e., working
potential, and the corresponding power density values were
obtained by dividing the energy density values with the
discharge time (ESI†). A more or less linear charge–discharge
prole was obtained at room temperature irrespective of the
applied current densities (Fig. 4a). The linearity was mainly due
to the lower polarization offered by the battery-type electrode,
LiC6 (Fig. 4b). As a result, the linear behavior of the AC did not
deviate much. The AC/LiC6-based DC-LIC exhibited a maximum
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Electrochemical performance of the assembled DC-LIC: (a) voltage vs. time profile for the DC-LIC at 25 �C for varying current rates of
0.1–2.5 A g�1, (b) 3D plot showing the increase in ohmic drop values with the decrease in temperature for the assembled LIC at different current
rates, (c) Ragone plot representing the energy power density values of the DC-LIC at different temperatures, and (d) 3D plot showing the change
in energy density values of the DC-LIC with temperature for different current density values.
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energy density of 185.5 W h kg�1 at a power of 0.319 kW kg�1 at
room temperature.

To study the temperature-dependent performance of the DC-
LIC, a duplicate cell was fabricated and subjected to various
atmospheric conditions using the environmental chamber.
Prior to the study of the electrochemical activity of the duplicate
cell in various environments, the room temperature perfor-
mance was tested to ensure the reproducibility of the above-
mentioned energy. Accordingly, four different duplicate DC-
LICs were tested at room temperature, showing a mean value
of 180.67 W h kg�1 with a standard deviation of �5 W h kg�1 at
a low current rate (0.1 A g�1, Fig. S6†). This clearly indicated the
excellent re-reproducibility of our work, which was mainly due
to the appropriate optimization of mass loading, controlled pre-
lithiation, xed potential window, and unquestionably the
inherent performance of the individual electrodes. Further,
a high-temperature study was carried out at 50 �C and it was
observed that there was not much difference in the charge–
discharge proles because of the increased activity of electrolyte
with the electrode (Fig. S7†). As expected, reduced polarization
This journal is © The Royal Society of Chemistry 2020
was noted for the high-temperature operation of the cell. The
DC-LIC displayed amaximum energy density of 187.75W h kg�1

at a power density of 0.33 kW kg�1 at 50 �C. Even at a high power
density (8.1 kW kg�1), the LIC exhibited an energy density of
165.87 W h kg�1, which is one of the best values reported for
DC-LICs (Table S1†). We strongly believe that the high energy
density of the LIC was because of the combined features of both
the cathode and anode materials with the balanced mass
loading, while the high specic surface area and abundant
pores are the most crucial parameters and create more active
sites for ion adsorption. Interestingly, in the case of RG, the
expansion of interlayer spacing (0.352 nm) aer annealing
could help to achieve the high electrochemical performance via
facilitating the fast Li+ intercalation/de-intercalation process at
higher rates. On the other hand, completely different and
unique proles were observed at low-temperature conditions
(10, �5 �C and �20 �C). The deviation in the linear charge–
discharge proles was disturbed with the decrease in temper-
ature. Hence, the DC-LIC's low-temperature proles were
different from those under high and room temperature
J. Mater. Chem. A, 2020, 8, 4950–4959 | 4955
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Fig. 5 (a) Cyclic performance of the DC-LIC at different temperatures,
and (b) Nyquist plots for the EIS analysis for the assembled DC-LIC
before and after cycling, in which the circles relate to the experimental
data and the lines corresponds to the fitting values.
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conditions (Fig. S7†). This distortion in the charge–discharge
proles was due to sluggish faradaic reactions offered by the
battery-type electrode, RG.10 As a result, a dramatic increase in
the ohmic drop/polarization was evident in the low-temperature
operation compared to in the elevated state (Fig. 4b).

A Ragone plot is one of the best ways to represent the energy
and power density relationship and such a graph was plotted for
the fabricated LIC (Fig. 4c) in this study. The DC-LIC displayed
maximum energy densities of 140.5, 93.0, and 55.0 W h kg�1

and minima of 66.6, 21.1, and 0.48 W h kg�1 for the tempera-
tures 10 �C, �5 �C, and �20 �C, respectively. The energy storage
capacity of the AC/LiC6-based LIC was superior to that of
previously reported similar dual carbon-based systems.12,40–43

Additionally, the effect of temperature on the performance of
the DC-LIC was described in the form of 3D plots (Fig. 4b and d).
Apparently, the DC-LIC displayed a very high energy density at
elevated temperature conditions of 50 �C regardless of the
applied current rates. However, the energy density values star-
ted falling when decreasing the temperature and the applied
current rate. Also, the performance was worse for high current
densities, especially for the case at�20 �C at a current density of
2.5 A g�1 and this poor performance was mainly associated with
the increased cell polarization originating from the sluggish Li-
ion kinetics under low-temperature operation (because of the
increase in the solution resistance, as supported by the
impedance studies). Generally, under low-temperature condi-
tions (�5 �C and�20 �C), the electrolyte solution is crystallized,
thus hindering the mobility of Li+ ions, which eventually affects
the ionic conductivity. Also, this leads to a rise in the charge-
transfer resistance and polarization, which results in the
decreased electrochemical performance. However, it should be
noted that graphite is well known for its worse electrochemical
performance under sub-zero temperature conditions.

Cyclic stability is another important factor in validating the
potential use of a charge-storage system regardless of the
mechanism and conguration. Cycling studies were thus per-
formed at various current densities and temperature condi-
tions. It has been well established that graphite is the best
insertion host for low-power applications. Accordingly, the DC-
LIC was subjected to different current rates from 0.25 to 1 A g�1

for limited cycles (Fig. S8a†). The LIC exhibited capacity reten-
tions of �81%, 85%, and 75% for the current densities of 0.25,
0.5, and 1 A g�1, respectively. Obviously, an inferior perfor-
mance was noted at the higher current rate, which led us to
limit the further studies to be performed at 0.5 A g�1 only for the
assembled DC-LICs. Aer the fabrication of fresh cells, the DC-
LICs were cycled ve times at 25 �C, followed by 2000 cycles at
various temperature conditions of�5 �C, 5 �C, 10 �C, 25 �C, and
50 �C (Fig. 5a). Interesting cycling proles were registered for
the different temperature conditions; for example, the cell
exhibited moderate cycling stability at 25 �C and 10 �C with
a capacity retention of >75%. Also, a much worse performance
was noted for the low-temperature conditions (�5 �C), while
almost the same behavior was reected at an elevated condition
of 50 �C. Interestingly, deterioration was noted at up to 50 cycles
in all the cases, which indicates that the DC-LIC requires
extended formation cycles to exhibit a stable performance.
4956 | J. Mater. Chem. A, 2020, 8, 4950–4959
In order to gain further insights into the charge-storage
behavior of the systems, EIS measurements were further
examined for both the half-cell (Fig. S8b†) and full-cell cong-
urations (Fig. 5b). The EIS data were generated in the frequency
range of 10 kHz to 1 Hz by applying an amplitude of 10 mV to
decrease perturbation of the system. For the fresh Li/AC half-
cell, the Nyquist plot showed a semicircle in the high to
medium frequency range with a short low-frequency tail.
However in the case of the fresh Li/RG half-cell, the diameter of
the semicircle was comparatively less, its low-frequency straight
line was steeper than 45�. Generally, in the high-frequency
region, EIS forms a small curve, which indicates the ohmic
resistance and inductance of a cell. The high-to-middle-
frequency part of the EIS results showed an arc, which is
a result of the solution resistance and charge transfer at the
electrode surface. The straight-line with a constant slope
(Warburg type) at the low-frequency region of the EIS represents
the phenomenon of Li+-ion diffusion. A straight line with a 45�

slope corresponds to semi-innite diffusion.44,45 However, the
Nyquist plot of DC-LIC was different from that of LIB, such that
the arc present in the high-to-middle-frequency region typically
did not arise in the case of DC-LIC. The shape of the Nyquist
plot of DC-LIC was generally similar to that of the EDLCs except
for the slightly higher impedance as in the case of LIB, which
could be due to the pre-lithiated negative electrode of DC-LIC.
This journal is © The Royal Society of Chemistry 2020
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The Nyquist plots were recorded for the fresh as well as
cycled LICs at different temperatures of �5 �C, 5 �C, 10 �C,
25 �C, and 50 �C. The plots of fresh LIC showed a single
depressed semicircle in the high-to-medium-frequency region,
with a Warburg tail in the low-frequency region. However, the
plot of DC-LIC aer the pre-lithiation process possessed a small
arc in the high-frequency area, which indicates impedance of
the SEI layer formation on the surface of the LiC6 electrode.46

The plots illustrate that with a decrease in temperature, the
impedance becomes more extensive in the low-frequency
region. In the high-frequency region, the impedance at
different temperatures coincides with each other, and this
portion of the graph has been enlarged for a clearer view, which
overall indicates that the effect of temperature on the perfor-
mance of LIC was based only on the rate of diffusion and the
charge-transfer mechanism in the electrode–electrolyte inter-
face. The large Warburg tail in the low-frequency region at low
temperature represents a slow diffusion of ions,47 while the
variation in the diameter of the semicircle in the high-to-
medium-frequency region during cycling indicates the change
in resistance of Li+ ions drives them through the SEI lm
formed.18

4. Conclusion

In this study, we proposed a simple, cost-effective, and envi-
ronmentally friendly approach to reutilize the recovered
graphite (RG) from spent LIBs as an anode material for the
fabrication of high-energy-density dual-carbon Li-ion capaci-
tors. The fabricated DC-LIC-based regenerated graphite
exhibited a maximum energy density value of 185.54 W h kg�1

at room temperature and demonstrated superior performance
compared to the values reported for previously studied dual-
carbon hybrid systems. Further, the high- and low-
temperature performances of DC-LIC were also investigated to
investigate the possibility of using the fabricated DC-LIC in
different environmental conditions. From these results, it was
proved that the mended graphite revived the pathway for effi-
cient Li+ transport through this proposed simple treatment to
achieve a high-performance LIC. Moreover, this study envisages
the possibility of using recovered graphite as a worthy electrode
material for the fabrication of various high-energy-storage
devices and also would be benecial for the environment
under the “waste-to-wealth” approach.
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