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Dual carbon lithium-ion capacitors (LICs) are the next-generation hybrid energy storage devices that aim towards
energy-power balanced applications. Thus, tuning the properties of the carbon electrode materials is a crucial
step toward optimizing the device’s performance. Herein, the effect of change in the microstructure of the carbon
electrodes on the ion storage capacity and their consequent energy-power manifestation is investigated. The
optimized carbonaceous anode calcined at 700 °C delivers 290 mAh g~! capacity after 1000 cycles at 1 A g~ 1.
This superiority in performance is attributed to the formation of micron-size channels and mesopores for better
ion transport and storage. In contrast, the activated carbon cathode delivers a capacitance of 118 F g1 and
retains 76% at the end of 5000 cycles. The LIC full cell with these electrode materials provides maximum energy
of 120 Wh kg !, a maximum power density of 20.7 kW kg ! and cycles till 9000 cycles with ~67% capacitance
retention. The mechanistic control over the deliverable ion storage capacity is also analyzed for the LIC full cell.
Furthermore, the lighting demonstration, self-discharge studies, leakage current, and electrochemical impedance
are recorded to elucidate the practical feasibility and performance degradation mechanism of the coin-cell

device.

1. Introduction

Lithium-ion capacitors (LICs) are hybrid devices that blend the
characteristics of high-energy lithium-ion batteries (LIBs) and high-
power supercapacitors into a single-unit device. These devices aim to
have a balanced performance matrix in the intersection of widely
researched and successful electrochemical energy storage devices like
lithium-ion batteries and supercapacitors. LICs are usually assembled
with one lithium-ion battery-type electrode (intercalation-type carbo-
naceous, intercalation and conversion-type metal oxides, and alloy-type
anodes, metal oxide and phosphate cathode) and one electric double
layer type electrode (usually activated carbon) in a non-aqueous elec-
trolyte containing Li-salt like the conventional LIB electrolyte, i.e., 1 M
LiPF¢ in a mixture of carbonate solvents [1-5]. The first LIC was studied
using lithium titanate and activated carbon by Amatucci et al. and in the
recent years LICs with pre-lithiated graphite, disordered carbon or
lithium titanate LIB-type electrode and electric double layer capacitor
(EDLC)-type activated carbon are being commercialized worldwide [6].
However, certain roadblocks persist in achieving the optimal perfor-
mance due to the difficulty in balancing the kinetics of the slower
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LIB-type electrode and the faster EDLC-type electrode. As a result, the
conventional capacity and mass balancing strategies may not be of
utility. The balancing strategy becomes unique for each system
depending on the charge acceptance capability at different current rates
for each type of electrode. Thus, in line with this issue of LICs, dual
carbon configurations using one LIB-type disordered carbon with
high-rate capability and EDLC-type activated carbon is found to be
suitable for LIC development [7].

The mechanism involved for the ion storage in an LIC is different for
both the electrodes. For conventional LICs, during charge, the Li* from
the electrolyte salt intercalates in the LIB-type anode and PFg gets
adsorbed on the surface of the EDLC-type electrode. But this mechanism
results in irreversible trapping of Li-ions in the LIB anode due to sec-
ondary reactions on the electrode-electrolyte interface. Thus, pre-
lithiated LIB-type anode, LIB-cathode, or hybrid LIB-AC cathode with
additional Li-replenishment sources have been researched in order to
increase the cycle life as well as the energy output of LICs. The config-
uration with pre-lithiated LIB anode and AC cathode is found to be
optimal as this introduces a parallel additional mechanism during
charge storage along with solving the problem of degrading cycle life
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performance. Above the open circuit voltage (OCV) of the LIC cell,
charge storage mechanism is similar to that of the conventional LICs
where during charging Li™ from the electrolyte intercalates into the LIB-
type anode and PFg gets adsorbed on the cathode surface and vice versa
on charging. But below OCV, during discharge the pre-lithiated Li* from
the anode diffuses out and gets adsorbed on the activated carbon cath-
ode surface which is reversed during charging [8-10]. Thus, LICs with
this configuration can achieve higher energy densities and longer cycle
life which have led them to the path of commercialization.

Disordered carbons from various inexpensive and bio-waste sources
as LIB-type anodes for LICs have been of interest because of their better
high current rate capability, raw material availability, and feasible
extraction routes compared to ordered carbon. This property arises due
to the multiple charge storage mechanisms of different kinetics taking
place in case of Li-ion storage in disordered carbon. The series of
mechanisms which contribute towards the Li-ion storage include
adsorption (chemisorption on the heteroatom functionalities and phys-
ical adsorption on the edges of disordered sheets), intercalation in the
inter-layer spaces, and nano-micropore filling [11,12]. But the open
carbon network edges, presence of ultra-micropores and
hetero-functional groups also result in high irreversible capacity during
initial cycles due to more secondary reactivity with electrolyte. Mini-
mizing the initial irreversible capacity is also an important aspect for
practical usability of disordered carbons. Thus, disordered carbon ma-
trix provide space for Li-ions depending on their morphology and
micro/nano-structuring as the Li-ion storage is not site limited.
Pre-treatment of raw materials and calcination temperatures can be the
controlling factors in the physical characteristics and subsequent Li-ion
storage of disordered carbon. Thus, tuning the physical properties of the
disordered carbon may be the way towards enhancing the optimal Li-ion
storage.

Activated carbon is the most widely used EDLC-type cathode in LICs,
which utilizes the adsorption-desorption phenomenon to store ions on
the surface. Thus, surface properties like high surface area, combination
of micro and meso porosity, and presence of hetero functional groups of
the activated carbon are the most important aspects that govern the Li-
ion storage performance. The desired surface area for optimum perfor-
mance of activated carbon is >1000 m?g L. Also, an optimum blend of
micro (~ 2 nm) and meso (2-50 nm) pores is desired for proper func-
tioning in an LIC as micropores provide the space for adsorption and
mesopores facilitate the channel in order to access the micropores
[13-16]. But the ultra-micropores <0.5 nm in size can result in irre-
versible trapping of the ions and performance degradation. Further, the
presence of hetero functional groups explores the scope for ion-storage
through chemisorption [17,18]. Thus, balancing the properties for op-
timum charge storage is of utmost importance.

Dual carbon LICs assembled with disordered carbon and activated
carbon derived from waste sources have been widely studied by re-
searchers due to their abundance, feasibility, uniqueness in terms of
morphology and physical characteristics dependent on the raw material
and extraction method used and better deliverable performances
[19-23]. The LIC devices with configurations of (Anode// cathode)
olive pit//activated olive pit, sisal fiber derived carbon// sisal fiber
derived activated carbon, defect rich nitrogen-doped carbon from sepia
biowaste// polyimide microsphere derived activated carbon,
graphene-coffee waste-derived carbon// activated carbon, CNT-phenol
functionalized melamine derived carbon//CNT, asphalt-derived carbo-
n//asphalt-derived carbon, and order-disorder carbon//activated car-
bon delivers energies of 100, 104, 101.7, 100, 111.8, 120 and 112 Wh
kg’1 at power densities of 150. 143, 250, 9000, 325, 850, and 260 W
kg™?, respectively [24-30].

Herein, we have fabricated a LIC using mechanistically different
carbons derived from one of the most common agro-waste, i.e., onion
peel. Onion peel was chosen as the raw material of choice as it is inex-
pensive waste, easily available worldwide, and contains flavonoids, vi-
tamins, and minerals in addition to carbohydrates, which may result in
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the derivation of hetero-atom functionalization of the carbon matrix
formed [31-33]. The raw materials were pretreated chemically in a
different manner using the same hydrothermal synthesis technique fol-
lowed by calcination at different temperatures. This resulted in the
development of carbon matrices with different microstructures and ion
storage properties. This dependence of the Li-ion storage efficiency on
the varying microstructure is studied. Finally, LICs are assembled using
the optimal Li-storing battery-type carbon and the as-synthesized acti-
vated carbon. The performance matrix of the dual carbon LIC was
analyzed through their balanced energy-power output, cycle life, and
feasibility studies like self-discharge, leakage current, and electro-
chemical impedance spectra during prolonged cycling.

2. Experimental section

2.1. Synthesis of agro-waste derived anode material (AWAXx where x
corresponds to the calcination temperature i.e., 6,7,8 for 600, 700, and
800 °C, respectively) and agro-waste derived activated carbon (AWAC)

The agro-waste onion peel was collected in bulk from agricultural
wasteland, washed thoroughly to remove any dirt trace, and dried
overnight in a hot air oven. The dried mass was then grinded into
powder. For the synthesis of LIB-type anode active material, it was
mixed with thiourea (as a source of additional N and S) in 1:3 ratio and
put in hydrothermal at 200 °C for 15 h. The resultant was dried over-
night in a hot air oven and calcined in inert atmosphere at 600, 700, 800
°C for 2 h to obtain AWA6, AWA7, and AWAS, respectively, after sub-
sequent washing and drying. For the synthesis of the capacitive cathode
material, the dried mass was mixed with KOH in 1:3 ratio for activation
and calcined at 800 °C for 2 h to induce porosity and consequent high
surface area through the series of chemical reaction taking place as
explained in Supplementary Material [14]. A schematic representation
of the synthesis procedure is provided in the Scheme 1. All physical,
structural, and electrochemical characterizations were carried out at
room temperature, i.e., 25 °C.

2.2. Physical and structural characterization

The synthesized carbon matrices were structurally characterized
using X-ray diffraction (XRD) with an X-ray diffractometer (Bruker Inc.,
Germany) which utilizes Cu-k, radiation and 6-6 geometry. Raman
spectroscopy for the samples was analyzed using a Witec alpha300
Raman spectrometer by a laser beam of 532 nm in the range of 400-
3000 cm™. Fourier transform infrared spectroscopy (Bruker Alpha-P
FTIR spectrometer) in the range 500-4000 cm ™ and X-ray photoelec-
tron spectroscopy (Axis Supra, Kratos Analytical Pvt. Ltd.) using Al k,
and calibrated with Cls =284.3 eV were used to analyze the bonding
characteristic between neighboring atoms and the quantifiable presence
of hetero atoms. The morphology of the samples was studied using
transmission electron microscopy (Jeol JEM F200) and scanning elec-
tron microscopy (Jeol JIB 4700F). The surface area, porosity distribu-
tion, and size were analyzed using a BET analyzer (Micromeritics ASAP
2020), and the degassing was performed at 200 °C for 4 h.

2.3. Electrode fabrication and cell assembly

A slurry was prepared using 80 wt.% electrode active material, 10
wt.% conductive carbon additive (Super P-C65), 10 wt.% polyvinyl
difluoride binder (Kureha 1700) in N-methyl pyrrolidone solvent (Sigma
Aldrich Ltd.) and coated onto Cu-foil for the anode and carbon-coated
Al-foil for the cathode. These coated foils were vacuum-dried at 70 °C
overnight and roll-pressed thereafter. 10 mm diameter electrodes were
punched out from the coated foils. The active mass loading for the
cathode is maintained in the range of ~1.5- 2.0 mg cm~2 and that of the
anode was kept within ~1 mg cm™2.

The anodes and cathode were individually assembled in a CR2032
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Scheme 1. A schematic representation of anode and cathode active material preparation from onion peel.

coin cell setup in a half-cell configuration with 12 mm punched Li foil as
counter as well as reference electrode separated by a GF/D separator and
dipped in 1 M LiPFg in EC: DEC electrolyte. Prior to full cell assembly, a
mechanical pre-lithiation method is used where a calculated amount of
10 p thick lithium chip is kept in contact with the anode with mechanical
pressure [34]. The pre-lithiated anode (AWAX) is then assembled with
the cathode (AWAC) in a 1:3 mass ratio with a cellulose fiber separator
(for better electrolyte absorption) and the same electrolyte.

2.4. Electrochemical characterization

The electrochemical tests were performed in a 1455A series fre-
quency response analyzers coupled cell test system-1470E multi-channel
potentiostats (Solartron Analytical, USA). The anode, cathode half-cells,
and LIC full-cells were characterized using cyclic voltammetry in the
optimum potential range of 0.01-3.0 V, 1.5- 4.0 V, and 1.5- 4.0 V,
respectively, at varying potential sweep rates (0.05 -5 mV s~! for anode
half cells, 0.5 — 20 mV s~ ! for cathode half-cells, and 0.2- 10 mV s ! for
full cells). The constant current charge-discharge cycles were performed
at varying current densities (0.1- 5 A g~ for the anode, 0.5- 10 A g~ * for
the cathode, and 0.2- 10 A g~! for the full cells). The cycling life tests
were performed at 1 A g™! current density.

To understand the practical feasibility and applicability of the LIC
full cell, self-discharge was recorded for the cell after charging till 4 V at
1 A g7 The leakage current for the cell was recorded by holding the
potential at the highest potential of operation, i.e., 4 V for 10 h. 3 LED
lights connected in series were demonstrated using one LIC full cell after

charging at 1 A g~! current density. Electrochemical impedance spec-
troscopy was recorded in the frequency range 10° — 10~2 Hz before and
after cycling for the LIC full cell to understand the failure mechanism.

3. Results and discussion

XRD pattern of the anode (AWA6, AWA7, and AWAS8) and cathode
(AWAQ) active materials (Fig. 1a) show a broad characteristic graphitic
(002) peak with a maximum at 25.1 ° for AWA6, 25.8 ° for AWA7, and
AWAS, and 24.1 ° for AWAC. A feeble signal at ~43 ° corresponding to
the (100) plane is visible in the diffraction pattern of all the anode and
cathode active materials. The increase in peak maximum from 25.1 ° to
25.8 ° when the calcination temperature of the active material is
increased to 700, and 800 °C from 600 °C indicates a slight decrease in
the interlayer distance between the sheets. Also, there is a slight
decrease in the broadness of the peak in the case of anode active ma-
terials when the calcination temperature is increased, which signifies an
increase in the ordered nature of the matrix with an increase in calci-
nation temperature as reported in the literature. Moreover, AWAC,
being activated carbon, shows a broad peak with a larger interlayer
distance ensuring higher irregularity than the anode active materials.
Raman spectra of the carbon samples further shed light on the degree of
homogeneity and defect in the carbon matrices (Fig. 1b). The progres-
sion of the Ip/Ig ratio for the anode materials in the order of Ip/Ig
(AWAS, 1.5) < Ip/Ig (AWA?7, 1.35) < Ip/Ig (AWAS, 1.12) shows the
increase in the ordered nature of the bonding in the carbon matrix with
an increase in the calcination temperature although all the samples have
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Fig. 1. (a) XRD patterns and (b) Raman spectra of AWA6, AWA7, AWAS8, and AWAC. (c) FTIR spectra of AWA7 and AWAC.
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Ip/Ig > 1 is indicating a characteristic disordered matrix. However,
AWAC has the highest value of Ip/Ig (1.68), confirming the higher
disordered nature of the matrix. The FTIR spectra of both AWA7 and
AWAC were studied to understand the presence of heteroatom func-
tionalities other than carbon (Fig. 1c). Both AWA7 and AWAC indicate
the presence of heteroatoms, including oxygen, nitrogen, and sulfur, as
peaks at frequencies corresponding to -C-O-, -C =0, -O-H, -C =S, -C =
N, -C-S/N- in addition to the sp2, sp3 and sp C—C bonding frequencies.
These FTIR spectra may be suggestive of the nitrogen and sulfur doping
combined with oxygen functionalization of the matrix [35].

X-ray photoelectron spectra (XPS) of AWA7 and AWAC were studied
to understand the elemental composition of the matrices and also the
individual element bonding environment with respect to each other
(Fig. 2). The survey scan for AWA7 shows the occurrence of carbon,
oxygen, nitrogen, and sulfur in atomic percentages of 76%, 11.9%,
9.4%, and 2.7%, respectively. In contrast, the AWAC consists of 90.6%
carbon, 7.3% oxygen, 1.6% nitrogen, and 0.6% sulfur (Supplementary
Fig. S1). The low percentages of nitrogen and sulfur in the activated
carbon matrix are due to the reaction with KOH during the activation
process. The deconvoluted spectra for Cls in the case of AWA7 and
AWAC reveal the presence of -C = C-, -C-O0,-C=S5,-C=0/-C=N, -0O-C
= O bonds in the matrix indicated by peaks at 284.3, 285.2-285.8,
286.7, 288.1, and ~291 eV, respectively. The deconvoluted O1s spectra
of AWAC and AWA?7 indicate the presence of -N = O, -S = O, -C-O—H,
-C-0—C-, C = O, and -O-C = O bonds corresponding to the peaks at
529.2-530, 530-530.5, 531.8, 532.1-532.5, 533.3-533.5, and
534.5-534.8, respectively. Further, AWAC additionally contains adsor-
bed oxygen on the surface. The deconvoluted N1s spectra show peaks for
the presence of aromatic pyridinic, pyrrolic, imide, graphitic, and -C-N
O bonds at 397.5-397.8, 398.2-399.1, 400.1, 401.1-401.7,
402.8-403 eV, respectively. Additionally, the deconvoluted S2p spectra
of AWAC indicate the presence of -S-C-, -S-O, -S = O, -SO», and -SO3
bonds corresponding to peaks at 163.1, 164.6-164.8, 167.3, 168, 168.8
eV, respectively. The deconvoluted peaks for individual elements are in
accordance with each other and justify the suggestive bonding envi-
ronment and hetero atom (N, S) doping [36,37].

The SEM images of AWA6 (Fig. 3a), AWA7 (Fig. 3b), and AWAS8
(Fig. 3c) were studied to understand the morphological changes due to
the pretreatment and calcination temperatures. All these samples show
primary sheet-like features, which are supposedly a result of the reten-
tion of the inherent microstructure of the raw material under the hy-
drothermal condition. But the change in calcination temperature results
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in the change of secondary microstructures. AWA6 (Fig. 3a) shows
sheets-like structures agglomerated to form irregular shapes. In com-
parison, AWA7 (Fig. 3b) shows the formation of channels of micro-sized
width through the folding of sheets to allow comparatively more effi-
cient passage for the Li-ions and better accessibility to the active sites.
However, when the calcination temperature is further increased to 800
°C, the AWAS (Fig. 3c) shows the breakage of the sheet like structure
disrupting the micro sized channels formed at 700 °C. The SEM images of
AWAC (Fig. 3d) shows disorderedly arranged particles of irregular shape
and size. The TEM images of AWAG6 (Fig. 3e), AWA7 (Fig. 3f), and AWAS8
(Fig. 3g) further confirms their sheet like primary structures. Moreover,
AWA?7 reveals the presence of 50 nm or lesser diameter channels formed
by the sheets in addition to the micro-sized channels revealed by SEM
image (Fig. 3b). These nanochannels are not prominent in case of the
AWAG6 samples (Fig. 3e) and in the case of AWAS (Fig. 3g) these chan-
nels appear to be disrupted by fragmented sheets. In contrast, the TEM
image of AWAC appears to be irregular shapes formed as a result of
fragmentation of the sheet-like structure during the activation process.

The as-synthesized carbonaceous active materials (AWA6, AWA?7,
AWAS, and AWAC) were analyzed through N adsorption and desorp-
tion studies to understand the surface area, particle size, pore size, and
distribution of the samples to understand their feasibility of performing
as either anode or cathode for lithium-ion capacitors. The N3 adsorption
and desorption isotherm for all the samples were found to follow a type
IV(a) isotherm with an H4 hysteresis loop (Fig. 4a,b). This kind of
isotherm is a characteristic of micro-mesoporous matrix in accordance
with the IUPAC standards [38]. The considerable uptake of Ny at low
partial pressure in the case of AWAC is suggestive of the presence of a
higher amount of micropores in the matrix. The BET surface areas of
AWA6, AWA7, AWAS, and AWAC were found to be 1.5, 3, 12, and 1051
m? g1, respectively. Further, the Barrett-Joyner-Halenda (BJH) and
DFT pore size distribution plot shows a blend of differently sized pores
for all the samples with an average pore size of 29.1, 16.7, 8.6, and 3.6
nm for AWA6, AWA7, AWAS, and AWAC, respectively with an average
pore volume density of 0.0041, 0.0097, 0.017, 0.554 cm® g’l. Thus, the
higher surface area, microporosity with a balanced amount of meso-
porosity, a higher pore volume density (Fig. 4b,d), and hetero surface
functionalities (Figs. 1c, 2e-g) of AWAC makes it a justifiable choice for
the capacitive electrode for the lithium-ion capacitor. In comparison, the
plausible anode active materials show lower surface area. When the
calcination temperature was 600 °C, there was no proper pore forma-
tion, as seen in Fig. 4c. But when the temperature is increased to 700 °C,
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Fig. 3. SEM images of (a) AWA6, (b) AWA7, (c) AWAS, and (d) AWAC. TEM images of (a) AWA6, (b) AWA7, (c) AWAS, and (d) AWAC.
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Fig. 4. N, adsorption studies of (a) AWA6, AWA7, AWAS, and (b) AWAC. BJH pore size distribution of (c) AWA6, AWA7, AWAS, and (d) AWAC.

mesopores of varying sizes are formed, creating the channels for ion
passage. While further increasing the temperature to 800 °C, the crea-
tion of micropores <1.5 nm is observed in the distribution plot indi-
cating the rupture of the mesoporous channels and the creation of
electrochemically inaccessible and ion-trapping pores. Thus, the meso-
porous nature and presence of in-situ micro and nano-sized channels in
the case of AWA7 is indicative of its better capability of storing Li-ions in
a battery-type diffusion mechanism (discussed later).

Electrochemical tests were performed on anode half cells using
AWA6, AWA7, and AWAS electrodes vs. Li/Li* to understand their
compatibility as Li-ion storing battery-type anode and the subsequent
achievable storage capacity. The cyclic voltammograms (CVs) of all the
anode half cells (Fig. 5a—c) show the characteristic lithiation de-
lithiation hysteresis similar to the disordered carbons due to the com-
bined effect of edge or functional group adsorption, intercalation into
the interlayer spaces, and micro-/nano-pore filling [12,39,40]. The

majorly irreversible hump at potential above 1.0 V diminishes gradually
when the calcination temperature increases from 600- 800 °C. This may
be due to the increase in the ordered nature of the carbon matrix and the
subsequent decrease in the trapping of Li-ions in the open carbon edges
and functional groups. But the area under the curve, which signifies the
quantifiable charge storage (the scan rate being constant), is higher in
the case of AWA7 (0.21 W g’l), i.e., when calcined at 700 °C compared
to 0.18 and 0.16 in case of AWA6 and AWAS electrodes, respectively.
The half-cells were cycled at a low current density of 0.1 A g%, and the
1st discharge capacity in the case of AWA6, AWA7, and AWAS elec-
trodes (Fig. 5d-f) were found to be 1041, 1134, and 1059 mAh g'1 which
decreased to 489, 650, and 493 mAh g~! in the 2nd cycle, respectively.
The loss in the capacity after the 1st cycle is due to the formation of the
solid electrolyte interface due to the reduction of ethylene carbonate and
LiPF at the electrode surface and irreversible trapping of ions in the
surface functional groups and micro-pores.
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Fig. 5. Cyclic voltammogram of anode half-cell vs. Li/Li* using (a) AWAG, (b) AWA7, and (c) AWAS electrodes. Voltage profile of anode half-cell at a low current
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Further, CVs for AWA?7 half-cells were recorded at varying potential
sweep rates, which shows the retention of the lithiation-delithiation
hysteresis even at a high scan rate of 10 mV s~ (Fig. 5g). When the
half-cells were cycled at a high current density of 1 A g~!, AWA7 was
found to retain a higher specific capacity of 290 mAh g™ after 1000
cycles compared to 200 and 250 in the case of AWA6, and AWAS,
respectively (Fig. 5h). Moreover, when AWA7 was cycled at different
current densities from low to high, it was found to deliver a specific
capacity of 118 mAh g~! even at a higher current density of 5 A g~
(Supplementary Fig. S2). The better electrochemical performance of
AWA?7 as anode material for Li-ion storage may be attributed to the
micro-sized channels formed in AWA?7 (as seen in SEM and TEM images
Fig. 3b,f), which leads to more accessible reversible Li-ion storage sites
in between the folded carbon sheets. The schematic representation of the
plausible Li-ion diffusion and storage mechanism is shown in Fig. 5i.

The activated carbon derived from agro-waste (AWAC) was tested vs.
Li/Li" in the cathodic potential range of 1.5- 4.0 V. The CVs (Fig. 6a)
show a near-perfect rectangular I vs. V plot at scan rates of 0.5 to 20 mV
s~ which is the characteristic of EDLC-type ion storage. The deliverable
specific capacitances of the AWAC (Fig. 6b—d) in a half-cell configura-
tion were found to be 139.2, 130.3, 120, 118.4, 106.4, 96, and 88 F g’1
at current densities of 0.1, 0.2, 0.5, 1, 2, 5, and 10 A g’l, respectively.
The AWAC half-cell was found to cycle with ~76% retention till 5000
cycles at a current density of 1 A g~* (Fig. 6e). The initial sharp decrease
in capacitance can be due to the presence of ultra-micropores, which can

result in ion-trapping.

On analyzing the individual behavior of the cathode and anode in the
half-cell configuration, a LIC full cell was fabricated using a pre-lithiated
AWA7 anode and AWAC cathode in a 1:3 mass ratio. The mass ratio was
chosen to balance the optimum deliverable energy-power and cycle life.
The current realized by an electrode individually in a lithium-ion hybrid
capacitor is not the same as that of the current applied. As the cathode-
to-anode mass ratio increases, the current realized by the anode in-
creases and vice versa [41,42]. Thus, the diffusion-type charge storage
of the battery-type anode decreases. This results in a lower deliverable
power density and cycle-life as these are limited by the anode perfor-
mance, whereas the energy is limited by the cathode. Thus, to balance
this performance matrix 1:3 mass ratio is chosen as optimum. The LIC
full cell was cycled at different current densities and was found to
deliver 84, 66, 60.8, 54.4, and 41 F g’l, at current densities of 0.2, 0.5, 1,
2, and 5 A g%, respectively with respect to the cathode active mass
(Fig. 7a). Moreover, the LIC full cell was found to deliver a specific
energy of 120 Wh kg~! at a power density of 434 W kg~ ". It could retain
40 Wh kg ! even at a very high-power density of 20.7 kW kgf1 which is
comparable to or even better than previously reported works of litera-
ture (energy and power densities are calculated with respect to the
active mass of both the electrodes) (Fig. 7b). The cyclic voltammograms
of the LIC full cell at various scan rates were observed to deviate from
the rectangular shape obtained in the capacitive cathode half-cell
(AWAC vs. Li/Li*, Fig. 6a) due to the contribution from the
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diffusion-type LIB anode (AWA?7) (Fig. 7c). The CVs at varying scan rates
were further analyzed using the Cottrell equation, i = aiP, and log i vs.
log v plot (Supplementary Fig. S3a). The b-value was evaluated at
different potentials. The b-value is 0.5 when the charge storage process
is entirely diffusion type and is 1 in the case of capacitive charge storage
[34,43]. The b-value lies in the range of 0.5- 1 at all the chosen poten-
tials from the working potential during the charge and discharge scan
which signifies the partially capacitive and partially diffusive charge
storage behavior of the LIC hybrid full cell (Fig. 7d). The b-value nears
0.5 at potentials below OCV during the discharge scan and high po-
tential near 4 V. The lower b-value at potentials below OCV during the
discharge scan may be due to the additional mechanism of pre-lithiated
lithium-ion diffusion from the anode in a pre-lithiated LIC. Whereas the
lower b-value at potentials near 4 V might be attributed to the anode
Li-ion diffusion potential realization at that stage.

In addition to that, the capacitive and diffusive current contribution
at different potentials was studied using the equation i(V) = kqv +kgv'/2
where kjv is the capacitive and kov!'/? is the diffusive current contribu-
tion (Trasatti procedure) [34,43,44]. The iwv)/2 vs. V172 plot (Sup-
plementary Fig. S3b) was analyzed for k; and ky and the partial current
contributions. At both potentials below and above OCV (Fig. 7e,f), the
capacitive current contribution increases with an increase in potential
scan rate due to the faster time scale charge storage. The indications
through the b-value in the Cottrell equation are further validated as a
higher diffusion-type partial current response is observed at all scan
rates for potentials below OCV and high potential around 4 V in the bar
graphs (Fig. 7e,f, Supplementary Fig. S3c) as well as the CV separation
plot at a current density of 1 A g~* (Fig. 7g). When cycled at a current
density of 1 A g%, the LIC full cell could retain ~ 67% after 9000 cycles
(Fig. 7h).

A series of 3 LED lights were demonstrated using a charged pre-
lithiated AWA7//AWAC full cell (Fig. 8a), and the drop in potential
was recorded for 15 min. The intensity of the lights decreases sharply till
1 min, and the multi-colored LEDs emit only low-energy red light after
that. The decrease in potential becomes slow after that and feebly lights
up till 15 min. The self-discharge for the LIC full cell was studied to
understand the shelf-life of the cells, and it could retain ~3.0 V from a

fully charged state till 36 h (Fig. 8b). The higher potential retention may
be attributed to the presence of N-doping and functionalities in the
AWAC matrix (Figs. 1c, 2g, Supplementary Fig. 1b), which may result in
chemisorption and slower loss in the charged state. The leakage current
at the highest operational potential hold was found to stabilize in a few
minutes and was found to be 1.99 uA at the end of 5 h (Fig. 8c).

The electrochemical impedance spectra for the lithium-ion hybrid
capacitor is a result of various contributing factors, including electrolyte
solution resistance or ohmic (Rg), the charge transfer resistance (Cr)
(resultant of diffusion-type intercalation (Rgiff), and double layer
capacitive adsorption (Cq), porous electrode diffusion impedance,
Warburg diffusion (Q,,) and low-frequency capacitive impedance (Cy,)
[45]. The EIS for the LIC full cell was recorded before and after cycling,
and the solution resistance was found to increase from 3.4 to 7.0 Q.cm?
whereas the charge transfer resistance was found to increase from 9.8 to
25 Q.cm? (Fig. 8d). The increase in solution transfer resistance may be
due to the irreversible consumption of electrolyte ions. On the other
hand, the increase in charge transfer resistance may be due to the hin-
drance and decreases in the charge storage space in the
electrode-electrolyte interface and individual electrolytes. Moreover, an
increase in the slope of the low-frequency impedance shows a rise in
resistance in the diffusion process. Thus, the degradation in performance
of the diffusion type LIB anode may be the reason behind the overall
degradation in full cell performance.

Dual carbon lithium-ion hybrid capacitors using two mechanistically
different disordered carbons are thought to be the optimum hybrid
capacitor device because of the comparatively higher reversibility of the
LIB-type disordered carbon anodes. Disordered carbon stores Li-ion
through various mechanisms including edge adsorption, chemisorp-
tion on the heteroatom dopants, intercalation into the interlayer spaces
and nano/micro-pore filling. Thus, the ion-storage capacity and effi-
ciency are dependent on the physical and structural characteristics of
the carbon, like micro/nano-structures, presence of heteroatoms, and
degree of order/disorder. Furthermore, as is observed in the case of
AWA?7, the micro-channels facilitate more Li-ion storage by providing
passage and accessibility to the more electrochemically active sites. In
contrast, the activated carbon derived from the same raw material
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served as the capacitive charge storage electrode. Thus, it can be
concluded that modifying the same raw material through different pre-
treatment strategies and calcination temperatures might result in tuning
their physical properties for better electrochemical performance. Thus,
dual carbon LICs can be further optimized through tuning the physical
properties of the active material, which ultimately translates into their
energy storage performances.

4. Conclusions

In this work, a dual carbon lithium-ion capacitor is studied using
mechanistically different carbons derived from a single agro-waste
precursor as both electrodes. This work emphasizes the role and effect
of varying carbon microstructures through the control of synthesis
conditions on the Li-ion storage and transport, which consequently
translates into the performance of the lithium-ion capacitors. LIB anode-
type electrodes were fabricated using hydrothermally treated carbons
derived from onion peel agro-waste at different temperatures. When
tested in a half cell vs. Li/Li™, the carbon calcined at 700 °C delivers
optimum performance with a capacity of 2900 mAh g~! retained after
1000 cycles at 1 A g~! compared to the carbons calcined at 600 °C and
800 °C. This superiority in performance can be attributed to the micron
as well as nano-sized pores or channels formed at 700 °C, which enables
smoother and faster Li-ion passage. In contrast, the activated carbon

derived from onion peel with a blend of micro-, mesoporosity, and
surface hetero functionalization was tested as an EDLC-type electrode in
a half-cell configuration vs. Li/Li*. This electrode was found to deliver
118 F g ! at 1 A g~ which was retained 76% after 5000 cycles.
Therefore, a LIC full cell was tested using carbon calcined at 700 °C as
a anode and activated carbon as a cathode. An optimized mass ratio of
1:3 anode to cathode delivers the energy of 120 Wh kg™! at a power
density of 434 W kg~ L. The cell was able to retain 40 Wh kg~ ! even at a
higher power density of 20.7 kW kg~ . The LIC full cell could cycle with
~67% capacitance retention till 9000 cycles. The ion-storage mecha-
nism of the LIC full cell was found to more diffusion controlled near the
highest operation potential because of the Li-ion diffusion in battery
type electrode and, at potentials below OCV because of the parallel pre-
lithiated Li-ion diffusion. Further, the capacitive control of the ion-
storage was found to increase with higher potential scan rates in CV
studies. A set of 3 LEDs connected in series were lit using the fully
charged LIC full cell. The cell was found to retain 3.0 V after 36 h when
subjected to self-discharge studies, and a leakage current of 1.99 pA was
recorded at the end of 5 h. Further, the EIS of the cell recorded after
cycling showed an increase in the overall impedance of the system,
indicating the degrading state of health of the device with prolonged
cycling. Thus, it can be concluded that the ion storage and transport in a
dual carbon lithium-ion capacitor system are significantly dependent on
the physical and structural properties, and altercations in these
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properties can result in the optimum deliverable charge storage capacity
and consequently energy.
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