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A B S T R A C T

For the fabrication of aqueous Li-ion hybrid supercapacitor, carbon coated LiCo1/3Ni1/3Mn1/3O2 (or LiCo1/3Ni1/
3Mn1/3O2@C composite) is synthesized by polymeric precursor method with subsequent thermal decomposition
procedures for carbon coating. Graphene like porous carbon is obtained by chemical activation from the biomass
of Agave Americana. The XRD analysis reveals that LiCo1/3Ni1/3Mn1/3O2 is having a hexagonal layered structure
and activated carbon exists in both amorphous and graphitic nature. The TEM image infers that LiCo1/3Ni1/3Mn1/
3O2 particles having the non-uniform shape with sub-micron size and the LiCo1/3Ni1/3Mn1/3O2 particles are
embedded into amorphous carbon cloud in the composite. The activated carbon shows the specific surface area of
1219 m2 g�1. Finally, the fabricated aqueous LiCo1/3Ni1/3Mn1/3O2@CkAC hybrid supercapacitor delivers the
specific capacitance of 56 F g�1 with good capacity retention even after 5000 cycles.
1. Introduction

In the current scenario, the usage of transport vehicles considerably
increased, which emits greenhouse gases that lead to global warming. It
can be overcome by using eco-friendly energy storage devices that having
high energy and high power density in electric vehicles and hybrid
electric vehicles [1]. Normally, supercapacitor are used as backup power
supply for electronic devices and electric vehicles, as it exhibits long
cycle life, high power density than batteries and high energy density than
conventional capacitors. Based on the charge storage mechanism and
types of electrode, the super capacitors are classified into three types,
namely, electric double layer capacitors (EDLCs), pseudocapacitor and
hybrid supercapacitor (HSC). In EDLCs, the charges are stored through
adsorption of ions on the surface of the electrode material and it posses
high power density and long cycle life due to the absence of chemical
reactions [2]. In pseudocapacitor, the charge storage mechanism is based
on redox reaction that posses high energy density than EDLC [3].
Conversely, hybrid supercapacitor combines the working principle of
both EDLC and pseudocapacitor, to achieve high energy density, long
potential window, and high-cycle life [4,5]. These outstanding properties
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of hybrid supercapacitor make it a promising next generation energy
storage device. However, a suitable negative and positive electrode
material is necessary for HSC cell to avoid the imbalance in reaction
kinetics of both electrodes [6].

In this perspective, various metal oxides including Li3V2(PO4)3 [7],
LiV3O8 [8], TiP2O7 [9], LiTi2(PO4)3 [9], LiNiPO4 [10], TiO2 [11],
LiFePO4 [12],etc., have been tried as the possible positive electrode
material for Li-ion hybrid capacitors. Among these, some of the lithium
containing metal oxides provided high energy density of 19.2 Wh kg�1

(LiCoO2kGO) [13], 35 Wh kg�1 (LiMn2O4kAC) [14], 40 Wh kg�1

(Li4Ti5O12kLiCoO2) [15]. But, their commercial applications are
restricted due to high cost and toxic nature of Co element [16]. As well as,
during charge/discharge, the crystal structure of LiMn2O4 has been
changed due to John-Teller distortion [17]. Similarly, preparation of
single phase LiNiO2 is difficult, since the nickel ions preferably occupied
the position of Li site that blocks the Li ion diffusion pathway and also it
is thermally unstable.

Therefore, the mixed transition metal oxide of LiCo1/3Ni1/3Mn1/3O2
is chosen as the positive electrode for Li-ion HSC cell for the present
study. These ternary metal combinations has several advantages like rate
).
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performance due to LiCoO2, high capacity due to LiNiO2 and Mn4þ ion
facilitates the structural stability [18]. In this structure electrochemical
performance is mainly depends on nickel ion because cobalt ion only
active at higher voltage range and manganese ion didn't involved in the
redox reaction but it was helped to stabilize the crystal structure [19].
LiCo1/3Ni1/3Mn1/3O2 electrode material possesses high capacity and
good cycle life associated with the unique electronic structure (Co3þ,
Ni2þ and Mn4þ), negligible volume change and high exothermic reaction
compare to LiCoO2 [20]. However, the scarce amount of work has been
reported on LiCo1/3Ni1/3Mn1/3O2 based hybrid capacitors. LiCo1/3-
Ni1/3Mn1/3O2kAC hybrid cell provided an initial specific capacitance of
298 F g�1 at 100 mA g�1, but it decreased to 240 F g�1 after 1000 cycles
[21]. Similarly, the LiCo1/3Ni1/3Mn1/3O2kAC delivered the specific ca-
pacity of 25 mAh g�1 at 6 mA cm�2 and 10 mAh g�1 at 20 mA cm�2 [22].
Nevertheless, it has some drawbacks like capacity fading, poor cycle life
and rate capability, which is due to the phase transitions and formation of
unstable surface interface layer resulting in unwanted side re-
actions [23].

Carbon coating or impregnation of active materials into the amor-
phous carbon cloud is the possible way to mitigate the some of the above
said problems [24]. Normally, this carbon layer/cloud suppresses the
electrode side reaction by avoiding contact between active material and
electrolyte solution, and act as a buffer to accommodate volume strain
during lithiation/de-lithiation for stable cycle life [25]. It also acts as a
barrier to reduce the aggregation of electrode active particles and in-
crease the stability of the crystal structure.

On the other hand identifying the suitable negative electrode is also
mandatory. Among the carbonaceous materials, activated carbon (AC) is
considered as one of the best candidate for negative electrode because of
its peculiar properties like good chemical stability in different pH con-
dition, amphoteric behaviour, wide operating temperature [26] and high
surface area (porous nature) [27], good conductivity, thermal stability,
and cost effective [28]. Biomass is one of the important sources for the
preparations of AC, since it is cost effective for large scale production,
easily renewable and wide availability and accessibility as well as it
provides more oxygen functional groups [29]. It is well known that the
physiochemical properties (pore structure and surface functional groups)
of AC are mainly dependent on the nature of the precursor material and
method of preparation (activating agent, temperature and time) [29,30].
In this line, Agave Americana is chosen as the biomass for the preparation
of AC since naturally it contains more fiber, components of fiber-yielding
crop and more abundant in nature. As well as it contains 68–80% of
cellulose that favour for getting more activated carbon. It is “zero waste”
plant to use activated carbon and the fibers properties are low density,
high tenacity and high moisture absorbency [31].

Here, the positive electrode of LiCo1/3Ni1/3Mn1/3O2 is synthesized
through simple polymeric precursor method and carbon coated LiCo1/
3Ni1/3Mn1/3O2 is achieved by thermal decomposition method using
glucose as a carbon source. The Agave Americana is used for the prepa-
ration of AC negative electrode. The electrochemical performance of
prepared LiCo1/3Ni1/3Mn1/3O2, carbon coated LiCo1/3Ni1/3Mn1/3O and
AC is analysed through CV and GCD in 0.5 M Li2SO4 electrolyte using 3
electrode systems. Finally, aqueous Li ion hybrid supercapacitor is
fabricated using carbon coated LiCo1/3Ni1/3Mn1/3O2 with AC and stud-
ied its electrochemical performances. The fabricated device delivers the
energy density of 20 Wh kg�1 and power density of 264 W kg�1.

2. Experimental methods

2.1. Synthesis of LiCo1/3Ni1/3Mn1/3O2 and LiCo1/3Ni1/3Mn1/3O2@C
composite

LiCo1/3Ni1/3Mn1/3O2 was prepared by a polymeric precursor method
using citric acid as a chelating agent and polyethylene glycol as a poly-
esterification agent. The starting precursors utilized in the preparation
process were lithium nitrate (Li(NO3)2), nickel nitrate
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((Ni(NO3)2..6H2O), manganese nitrate (Mn(NO3)2⋅4H2O) and cobalt ni-
trate (Co(NO3)2..6H2O). Initially, citric acid was dissolved into distilled
water and converted into citrate aqueous solution. Similarly, the cationic
precursors were dissolved in desired amount of double distilled water
andmixed with citrate solution under magnetic stirring. Themetal cation
to citric acid molar ratio was kept as 2:1 M ratio. Subsequently, the
desired amount of polyethylene glycol was added in to the above mixture
and dried at 80 �C for inducing the metal-citrate polymerization process.
After a few hours, it produces a transparent polymeric resin due to the
slow evaporation of water molecules. Finally, an exothermic reaction
takes place by the way of polymeric resin pre-heated at the 300 �C for 1 h
under air atmosphere. The preheated sample was ground well and sub-
sequently calcinated at 900 �C for 10 h to attain a phase pure formation of
LiCo1/3Ni1/3Mn1/3O2.

For the preparation of carbon coated LiCo1/3Ni1/3Mn1/3O2, the pre-
pared LiCo1/3Ni1/3Mn1/3O2 was mixed with glucose and 5 ml of ethanol
and ground few hours to obtain a homogeneous mixture. Here, glucose
was used as the carbon source. Subsequently, the mixture was carbonized
at 600 �C for 3 h under N2 atmosphere and obtained the carbon coated
LiCo1/3Ni1/3Mn1/3O2 particles.

2.2. Preparation of activated carbon from biomass

The graphene like porous carbon was prepared using a biomass Agave
Americana. Initially, the precursor was cut into tiny pieces and cleaned
with double distilled water. Subsequently, it dried under daylight and
preheated at 200 �C for 12 h to remove the moisture content present in it.
After that, 20 g of the preheated sample and 10 g of KOH crystals were
well mixed in the mass ratio of 2:1 in 100ml of double distilled water and
kept for 43 h. Then, the mixture was placed inside the furnace at 100 �C
for 12 h and further carbonized at 700 �C for 3 h under argon atmo-
sphere. Subsequently, the carbonized sample was thoroughly washed
with pure water along with desired amount of HCl to remove the im-
purities present in the sample. Finally, the washed sample was dried at
80 �C for 12 h and obtained the porous carbon.

2.3. Electrode preparation and hybrid cell fabrication

The LiCo1/3Mn1/3Ni1/3O2 electrodes were made by mixing 75% of
active material, 15% of carbon black as conductive additive and 10% of
PVdF as a binder in 0.3 ml of N-methyl 2-pyrrolidine to obtain a homo-
geneous slurry. The slurry (13.5 μl) was coated on the stainless steel
(1�1 cm2) substrate and dried at 80 �C overnight in a vacuum oven. The
calculated mass of the active material loading was 1 mg. The same pro-
cedure was adopted to prepare AC electrode. The electrochemical per-
formance of both electrodes was analysed using cyclic voltammogram
(CV) and galvanostatic charge/discharge analysis.

Further, the aqueous Li-ion hybrid supercapacitor was constructed
following procedure. Initially, the positive & negative electrodes, along
with membrane were soaked into the electrolyte. Then, two electrodes
were placed one above the other and a polypropylene sheet was sand-
wiched in between the electrodes. Here, the polypropylene sheet was
served as a separator and electrolyte contained. Finally, this architecture
was placed within the electrolyte solution and investigated for their
electrochemical performance.

2.4. Characterization techniques and instrument details

The crystallinity and phase purity of the LiCo1/3Mn1/3Ni1/3O2 and AC
were studied by Powder XRD using X'Pert PRO PANalytical X-ray
Diffractometer. The surface area, pore size and pore distribution of the
AC was carried out using nitrogen adsorption-desorption experiments at
77 K (Micromeritics ASAP 2010 surface area analyzer). The Bruker tensor
27 model was used for the FT-IR analysis in the range of 400–4000 cm�1.
Raman spectra of the prepared sample were recorded using a lab Raman
dispersive spectrometer (Lab Ram HR 800, Horiba, Japan). The
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morphological features were studied using high-resolution transmission
electron microscopy (JEOL 2100 F at 200 KV). The microscopic porous
structure of the ACwas observed via scanning electronmicroscopy (SEM)
(Quanta 200 ESEM, FEI, USA). The Bio-Logic SP 150 was used to analyze
the electrochemical performances of the electrodes and Ag/AgCl and Pt
wire were used as a reference and counter electrode for three elec-
trode system.

3. Results and discussion

3.1. Characterization of LiCo1/3Ni1/3Mn1/3O2 and LiCo1/3Ni1/3Mn1/
3O2@C composite

3.1.1. Structural and morphological analysis
Fig. 1(a) shows the XRD pattern of LiCo1/3Ni1/3Mn1/3O2 with high

intense diffraction peaks which inferred the good crystallinity of LiCo1/
3Ni1/3Mn1/3O2. It has a hexagonal structure belonging to the R3m space
group of a hexagonal α-NaFeO2 structure. The lattice is formed by oxygen
atoms in ABC stacking with alternating layers containing mixtures of
nickel, cobalt and manganese atoms [32]. The well-resolved (006)/(102)
Fig. 1. (a) XRD pattern of LiCo1/3Ni1/3Mn1/3O2, FT-IR spectra of (b) LiCo1/3Ni1/3Mn1/3O2

and (c) carbon coated LiCo1/3Ni1/3Mn1/3O2.
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and (108)/(110) doublets in the XRD patterns of the prepared powders
indicate that the compound exist in well-aligned layered structure [33]. It
is well known that the layered structure is the favorable one for Li-ion
intercalation/de-intercalation process and paves the way for easiest
diffusion of lithium ions into or from the electrode material. No other
individual metal oxide peaks are observed that reveals the phase pure
formation of LiCo1/3Ni1/3Mn1/3O2. The calculated lattice parameter
values are, a ¼ 2.869 Å and c ¼ 14.106 Å. The calculated c/a ratio and
cell volume are 4.91 and 100.56 Å3, respectively. These calculated
structural parameters are well matched with the previous reports [18,33,
34]. Further, using Scherrer equation the calculated crystallite size is
37 nm. Fig. 1(b) shows the FT-IR spectrum of prepared LiCo1/3-
Ni1/3Mn1/3O2 and it shows the two bands at 535 and 595 cm�1 corre-
sponds to M-O stretching and O-M-O bending vibration mode (M ¼ Ni,
Co, Mn) of MO6 octahedra in the LiCo1/3Ni1/3Mn1/3O2 system [35,36]. In
addition, the observed less intense shoulders in between 420 and
450 cm�1 attributed to the bonding of Liþ ions with O2� ions in LiO6
octahedra [36]. Overall, FT-IR spectrum reveals the characteristic bands
of LiCo1/3Ni1/3Mn1/3O2 related to the position of MO6 and LiO6 octa-
hedra. The FT-IR spectrum of carbon coated LiCo1/3Ni1/3Mn1/3O2 shows
the absorption band at 1630 cm�1 and 1745 cm�1 corresponding to C––O
and C––C band. It reveals the presence of carbon residue in the
LiCo1/3Ni1/3Mn1/3O2 [37].

The TEM images of LiCo1/3Mn1/3Ni1/3O2 particles are shown in
Fig. 2(a). It shows the non-uniform shaped particles in the size range of
0.5–0.8 μm. The HRTEM image (Fig. 2(b)) shows well aligned lattice
fringes confirming the highly crystalline nature of LiCo1/3Mn1/3Ni1/3O2.
The calculated d-spacing is 0.19 nm, which corresponds to the (104)
plane of LiCo1/3Mn1/3Ni1/3O2. Fig. 2(c) shows the selected area electron
diffraction (SAED) pattern that indicates the high intense dot pattern
with high symmetry. It further reveals the high crystalline nature as well
as long range order of LiCo1/3Mn1/3Ni1/3O2. The measured d-spacing
values are 0.254, 0.219, 0.196, 0.244, 0.479 and 0.259 nm, which are
merely coincided with the lattice planes of (102), (004), (105), (101),
(003) and (006), respectively. This result further confirms the hexagonal
structure of LiCo1/3Ni1/3Mn1/3O2.

Fig. 2(d and e) shows the low magnification TEM image of the carbon
coated LiCo1/3Ni1/3Mn1/3O2. It can be seen that LiCo1/3Ni1/3Mn1/3O2
particles are embedded into the amorphous carbon matrix. This carbon
matrix modified the surface chemistry of the electrodes and it could act as
a protective layer which increases the structural stability, reduces the
phase transition and suppresses the dissolution of LiCo1/3Ni1/3Mn1/3O2
[38]. Fig. 2(f) shows the HRTEM image of carbon coated LiCo1/3-
Ni1/3Mn1/3O2. The well defined amorphous layer on the surface of the
LiCo1/3Ni1/3Mn1/3O2 is clearly revealed the coating of carbon through
the thermal decomposition of glucose [39]. The measured inter plane
spacing (d) is about 0.187 nm, which corresponds to the (104) of
LiCo1/3Ni1/3Mn1/3O2.

3.1.2. Electrochemical analysis of LiCo1/3Mn1/3Ni1/3O2 using half cell
The electrochemical performance is analysed using CV and GCD

analysis. Importantly, the electrochemical performance of the electrode
material mainly influenced by different factors including, active species,
surface area, pore size and volume, morphology, hydration sphere radius
of electrolyte (cations/anions) ions, and pH of the electrolyte
[20,40–44]. Among the aforementioned key factors, the pH of the elec-
trolyte is very essential factor. In order to identify the effect of pH, the
LiCo1/3Mn1/3Ni1/3O2 electrode is examined in 0.5M Li2SO4 electrolyte at
various pH conditions through CV analysis in the potential range of
0–0.6 V vs Ag/AgCl. Fig. 3(a) shows the CV curve of LiCo1/3Mn1/3Ni1/3O2
electrode at 0.2 mV s�1 measured in different pH conditions (pH 9 to pH
14). The CV curve clearly demonstrates that oxidation peak is increased
while increasing the pH of the electrolyte solution. At low pH, more
number of Hþ ions is intercalated into the layered structure that occupies
the Liþ ion site and it cannot be de-intercalated from the structure [45].
So the Hþ ion inhibits the intercalation of Liþ ion during the discharging



Fig. 2. (a) TEM image, (b) HRTEM image and (c) SAED pattern of LiCo1/3Ni1/3Mn1/3O2, (d) & (e) TEM image and (f) HRTEM image of carbon coated LiCo1/3Ni1/3Mn1/3O2.

Fig. 3. (a) CV curve of LiCo1/3Mn1/3Ni1/3O2 at different pH conditions (b) CV curve at different scan rates of LiCo1/3Mn1/3Ni1/3O2, (c) peak peak current (ip) vs square root of scan rate (υ1/
2) of LiCo1/3Mn1/3Ni1/3O2, GCD curve of (d) LiCo1/3Mn1/3Ni1/3O2 and (e) carbon coated LiCo1/3Mn1/3Ni1/3O2 composite at different current densities, and (f) cycling stability curve of
LiCo1/3Mn1/3Ni1/3O2 and carbon coated LiCo1/3Mn1/3Ni1/3O2.
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process that reduces the capacitance. Also, Hþ ions are less volume than
other cations and are chemically more active, easily covalently bonded
with oxygen atom which give rise to large electrode polarization subse-
quently degrades the capacitance [45]. On the other hand, increasing the
pH of the electrolyte reduces the concentration of Hþ ions and simulta-
neously it increases the Liþ ions intercalation as well as increases the
oxidation peak current [46]. Overall, the CV curve reveals that the
LiCo1/3Mn1/3Ni1/3O2 provides the good electrochemical performances at
pH 14. Therefore, the preceding studies are carried out in pH 14.

Fig. 3(b) shows the CV curve of LiCo1/3Mn1/3Ni1/3O2 in 0.5 M Li2SO4
electrolyte solution at different scan rates between 0 and 0.6 V (vs Ag/
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AgCl). It can be seen that two different regions are noticed in the CV
curve such as potential independent (0–0.35 V vs Ag/AgCl and
0.55–0.6 V vs Ag/AgCl) and potential dependent (0.35–0.55 V vs Ag/
AgCl) variation of current regions. The potential independent current
regions infer the electric double layer charge storage mechanism of the
electrode and the potential dependent current region infers that the
electrode stores the charge based on faradaic reaction mechanism. The
CV curve clearly witnessed that the electrode stores the maximum
amount of charge based on faradaic reaction rather than EDL capacitive.
Here, the faradaic reaction mechanism arises from the intercalation/de-
intercalation mechanism rather than the surface redox mechanism [20].
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The plausible electrochemical reaction mechanism of LiCo1/3Mn1/
3Ni1/3O2 electrode can be expressed in the following manner.

During charging process (de-intercalation)

LiCo1/3Ni1/3Mn1/3O2 →Li1-xCo1/3Ni1/3Mn1/3O2 þ xLiþþ xe� (1)

During discharging process (Intercalation).

Li1-xCo1/3Ni1/3Mn1/3O þ xLiþ þ xe� → LiCo1/3Ni1/3Mn1/3O2 (2)

In the electrochemical reaction, Ni2þ/Ni3þ ions participating the
oxidation/reduction reaction because the activation energy of Ni2þ ion is
less than 0.6 V vs Ag/AgCl [46]. But, the activation energy of other two
metal ions (Mn3þ/Mn4þ and Co2þ/Co3þ) is above 0.6 V vs Ag/AgCl [47,
48]. The calculated specific capacitance is 411 F g�1 at 0.2 mV s�1. The
high specific capacitance is mainly arises from the well aligned layered
structure, lower cation disorders, less probability of other cations occu-
pying the Liþ ion site, and easy de-intercalation/intercalation of Liþ

ions [19].
Similarly, the feeble peak potential difference is observed in between

the oxidation and reduction peaks of LiCo1/3Mn1/3Ni1/3O2 at different
scan rates (Fig. 3(b)), which reveals the fast-faradaic reaction and good
electrochemical reversibility of the active material. As well as the anodic
peak current increased with increasing in scan rate, that evidences the
scan rate dependence of peak current [49]. The calculated specific ca-
pacitances are 588, 485, 452, 411, 372, 333, 299, 267, 243, 223, 204 and
188 F g�1 for the corresponding scan rate of 0.01, 0.05, 0.1, 0.2, 0.3, 0.4,
0.5, 0.6, 0.7, 0.8, 0.9 and 1 mV s�1, respectively. The LiCo1/3Mn1/3-
Ni1/3O2 electrode is still retaining the well-defined shape even at high
scan rate of 1 mV s�1. It indicates that the active material charged and
discharged at faster rate [50]. Unfortunately, the oxidation and reduction
peaks are shifted towards positive and negative side respectively, and
peaks get slightly broadened. It reveals that the slight increase of elec-
trode resistance, it is obvious in nature [51,52]. Here, two observations
derived from CV profiles with different scan rates. First, the potential
difference between cathodic and anodic peak is less than 58 mV. Sec-
ondly, the peak current is proportional to the square root of the scan rate,
based on a diffusion-controlled process. The scan rate profile elucidates
that LiCo1/3Mn1/3Ni1/3O2 is a good reversible electrochemical system
which satisfy the minimum two condition of the reversible system [53]. A
plot of normalized peak current with square root of scan rates (υ1/2)
(Fig. 3(c)) shows two different regions, i.e., a linear relation occurred
below 0.2 mV s�1 and above it obeys the non-linear relation. This sug-
gests that the LiCo1/3Mn1/3Ni1/3O2 electrode maintains the reversibility
up to a critical scan rate of 0.2 mV s�1 at room temperature [53]. The
diffusion coefficient is one of the important factors to analyze the elec-
trode kinetics and rate determining step during intercalation process
which is measured using peak current versus square root of scan rate
(υ1/2) plot. The diffusion coefficient is calculated using Randles-Sevick
eqn. (3) [54,55],

Ip ¼ 0.4463 n3/2 F3/2 Co A R�1/2 T�1/2 DLi
1/2 v1/2 (3)

Where, n is the number of electrons transferred during the electro-
chemical reaction, F is the Faraday constant (96486 C), Co is the molar
concentration of Liþ ion (mol cm�3), A is the area of the electrode (cm2),
R is the gas constant (8.314 J mol�1 K�1), T is the absolute temperature
(K) and D is the diffusion coefficient (cm2 s�1). The calculated diffusion
coefficient of LiCo1/3Mn1/3Ni1/3O2 is 6.0436 � 10�10 cm2 s�1.

Fig. 3(d) shows the GCD curve of LiCo1/3Ni1/3Mn1/3O2 at different
current densities. The GCD curves also clearly evidences the coexistence
of both faradaic and EDL capacitive charge storage mechanism of the
electrode material. It can be seen that the discharge time is decreases
with increase in current density. As it is known, the discharge time is
directly proportional to the specific capacitance of the electrode material
[56]. In this regard, the calculated discharge specific capacity is 108, 79,
45, 16, and 5 mAh g�1 at current densities of 0.1, 0.5, 1, 2 and
3 mA cm�2. At high current densities, ionic motion within the
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electrode/electrolyte interface is too slow for the charge distribution to
reach the equilibrium at high current density thus leads to reduce the
specific capacity [57,58]. Fig. 3(e) shows the GCD curve of LiCo1/3-
Ni1/3Mn1/3O2@C composite at different current densities. It can be
clearly seen that discharge time is high, when compared with pristine
LiCo1/3Ni1/3Mn1/3O2 at all current densities. The calculated specific ca-
pacity is 52, 36, 30, 22 and 20 mAh g�1 corresponds to the high current
densities of 1, 2, 3, 4 and 5 mA cm�2. The rate capability curve of
LiCo1/3Ni1/3Mn1/3O2 is shown in Fig. 3(f). The LiCo1/3Mn1/3Ni1/3O2
electrode shows the superior rate capability even at high current density,
but the specific capacitance is decreased at high current density. On the
other hand, carbon coated LiCo1/3Ni1/3Mn1/3O2 (Fig. 3(f)) electrode
shows the high specific capacity even at high current density and also it
increases with further cycling. The reason for the increasing specific
capacitance of is due to activation process [38].

Overall, the amorphous carbon in the carbon coated LiCo1/3Ni1/
3Mn1/3O2 can greatly improve the electrochemical performances like
cycle life, specific capacitance, with good capacitance retention. The
carbon composite providing a good electrical contact between the active
material and current collector and facilitate to additional charge storage
for ions [59]. In addition, the carbon composite restricts the side re-
actions of the electrode material during the charge/discharge process,
and dissolution of active material in the electrolyte solution [60]. The
carbon composite further support to faster lithium ion even at high
current rate and also it can reduce the polarization of the electrode ma-
terial [61]. Further, the carbon composite retains the crystal structure,
restricts the volume variation and amorphous phase formation during the
electrochemical reaction [61]. Hence, carbon coated LiCo1/3-
Ni1/3Mn1/3O2 is identified as the suitable positive electrode for the
fabrication of Li-ion hybrid cell.

3.2. Physicochemical properties of activated carbon

Fig. 4(a) shows the XRD pattern of biomass derived AC. It shows the
broad diffraction peak in the range of 20–30� which corresponds to the
(002) plane reflection. It confirmed that AC has turbostatic carbon
structure. Also, the weak diffraction peak observed at 44� which corre-
sponds to (100) reflection of honeycomb structure and is formed by sp2

hybridized carbon [30]. These results are assured that the prepared
activated carbon exhibits in both amorphous and graphitic nature.
Further, interspacing distance (d) and R-factor calculated from XRD re-
sults and are 0.368 nm and 2.59, respectively. The calculated d-spacing is
higher than the graphite (0.35 nm), therefore it is believed that this
structure makes easy diffusion of lithium ions during charging/di-
scharging process. The number of carbon sheets arranged as single layers
in activated carbon can be measured by using the empirical parameter R.
The R value is the ratio of the height of the (002) peak and the back-
ground (R ¼ B/A). If the R factor is minimum, the sample contains more
number of single layered carbons, which can store more number of
lithium ions [62]. The calculated R-factor implies that non-parallel
arrangement of carbon single layer amorphous carbon that allows
more lithium ion intercalation into the structure compared graphitic
carbon [63,64].

The FT-IR spectrum AC is given in Fig. 4(b), which shows three strong
absorption bands at 1276, 1582 and 3411 cm�1 corresponds to the C––O
(carbonyl stretching and vibration in quinine and phenols or ester
groups) and O–H stretching mode of hydroxyl groups due to adsorption
of water molecules [30]. It confirmed the presence of functional groups
in the prepared AC. This functional group improves the wettability of the
electrode and also provides additional pseudocapacitance to the elec-
trode. Fig. 4(c) shows the Raman spectrum of activated carbon. It shows
two broad peaks at 1580 and 1330 cm�1 is corresponds to G-band
(graphitic carbon) and D-band (disorder carbon) respectively. The
disordered aromatic carbon structure is arisen due to the weak interac-
tion between the adjacent layers in the graphitic lattice. Moreover, the
ordered aromatic carbon structure is due to strong C–C bonding within



Fig. 4. (a) XRD pattern, (b) FT-IR spectrum, (c) Raman spectrum for Activated Carbon.
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the graphite layers [30]. Raman spectrum indicates that high contribu-
tion of graphitic carbon present in the sample increases the electronic
conductivity. The porous morphology of the prepared AC is analysed by
SEM (Fig. 5(a)). It shows that the presence of different kind of pores in
the activated carbon. This pore structure is created by the following
reasons. The reactions between the precursors and KOH, i.e., the potas-
sium ions intercalate into the lamella of the crystallite. After activation
and carbonization process, the potassium ions are removed from a carbon
material by leaching of distilled water and finally the lamella cannot
return their original state, resulting in the formation of porous structure.
This different kinds of pores are interconnected leads to maximum wet-
ting by the electrolyte solution then the maximum surface area of acti-
vated carbon involved in the electrochemical performance [65]. Fig. 5(b)
shows the TEM image of porous carbon that seems to be a thin layered
multifolded graphene like structure. HRTEM image (Fig. 5(c)) clearly
displays the lattice planes and the calculated d-spacing value is 0.36 nm,
which corresponds to the (002) plane of graphitic carbon. This result
assured that the prepared porous carbon prominently exist in graphitic
like structure than disordered structure. The observed results well coin-
cided with the Raman results.

Fig. 6(a) shows the N2 adsorption/desorption curve of prepared AC. A
small hysteresis loop is observed for AC that indicates the presence of
mixed pores of meso and macroporosity. The hysteresis loop clearly in-
dicates the existence of micropores (2 nm at P/Po < 0.5), mesopores
(2–50 nm; P/Po in between 0.5 and 0.9) and macropores (>50 nm at P/
Po > 0.9) [30]. Area of hysteresis loop is attributed to the presence of
slit-shaped and ink bottle type pores and maximum amount of meso-
porosity in AC. The obtained specific surface area of the prepared acti-
vated carbon is 1219 m2 g�1. Pore size distribution analysed from
Barrett-Joyner-Halenda (BJH) method is shown in Fig. 6(b). The ob-
tained high and small peak centered at 3 and 90 nm clearly assures that
the prepared AC consists of meso and macropores. The presence of
mesopores supports to provide path ways to easy access of electrolyte
ions into the electrode material for obtaining high specific capacitance.

The electrochemical performance of AC is carried out in the negative
potential window from 0 to �1 V vs Ag/AgCl in 0.5 M Li2SO4 aqueous
Fig. 5. (a) SEM image (b) TEM and (c) H
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electrolyte. Fig. 7(a) shows the CV curve of AC at 0.5 mV s�1. The
observed broad hump is may be due to redox reaction of oxygen func-
tional groups in the electrode material [63]. However, the AC is stored
the maximum amount of charge based on EDLC capacitive mechanism
rather than pseudocapacitive mechanism. The calculated specific
capacitance of activated carbon is 236 F g�1 in 0.5 M Li2SO4 at
0.5 mV s�1. Fig. 7(b) shows the CV curve of ACs at different scan rates. It
can be seen that the current area under the CV curve increases with
increasing scan rates. The calculated specific capacitances are 249, 239,
236, 235, 236, 232, 231, 229, 227 and 238 F g�1 corresponding to
0.1–1 mV s�1 in the interval of 0.1 mV s�1. The specific capacitance is
linearly decreases with increasing scan rate. It reveals that at low scan
rate, the Liþ ions from electrolyte having sufficient time to
adsorb/de-sorb from the electrode, leads to high specific capacitance.
However, at high scan rate, the Liþ ions from electrolyte does not having
sufficient time to adsorb/desorbed from the electrode, leads to low
specific capacitance. It shows that the AC exhibits excellent specific
capacitance retention of 95.58%. In addition, the CV curves clearly evi-
dence the presence of redox peaks even at high scan rate, which indicates
that good electrochemical reversibility of oxygen functional groups.

Fig. 7(c) shows the GCDs curve of AC at different current densities. It
also evidenced the co-existence of both pseudocapacitive and EDL
capacitive mechanism. However, the EDL capacitive mechanism is
dominant than pseudocapacitive. It can be seen that the discharge time is
decreases with increase of current density, which infers the decrease of
specific capacitance. Fig. 7(d) represents the rate capability curve of AC
electrode. At first cycle, the AC electrode delivered the specific capaci-
tance of 168 F g�1 at 1 mA cm�2. Unfortunately, after 1st cycle the
specific capacitance is getting decreased to 164 F g�1, which may be due
to ion trapping or surface reaction of the electrode. It can be seen that the
activated carbon retains its specific capacitance value for further cycling.
Similarly, the electrode delivers the specific capacitance of 148, 126, 120
and 100 F g�1 at current densities of 2, 3, 4 and 5 mA cm�2. Subse-
quently, after 10 cycles, the calculated specific capacitance is 164, 144,
126, 112 and 90 F g�1 for respective current densities. It can be observed
that there is no drastic loss of specific capacitance which reveals the good
RTEM image of Activated Carbon.



Fig. 6. (a) N2 adsorption-desorption isotherm, and (b) pore size distribution of AC
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electrochemical cycling stability and capacitance retention of the elec-
trode material.

3.3. Electrochemical performances of LiCo1/3Ni1/3Mn1/3O2@C kAC
hybrid cell

It is well known that the hybrid supercapacitor has the major ad-
vantages including excellent cyclic stability, good specific capacitance,
improved energy density and high working potential window than the
symmetric supercapacitor. As is known, the mass balancing between the
positive and negative electrode is essential to achieve high performance
supercapacitor. The mass balancing of the electrodes can be achieved by
using the following equation

mþ
m�

¼ C� � ΔV�
Cþ � ΔVþ

(4)

where, mþ & m- is the mass of the positive and negative electrodes,
respectively. C- & Cþ is the specific capacitance contribution of both
positive (452 F g�1) and negative (249 F g�1) electrodes, respectively.
ΔV- & ΔVþ is the working potential of positive (0.6 V) and negative
(1 V) electrodes, respectively. Hence, the calculated mass ratio between
the electrodes should be 1. The similar procedure was adopted to
calculate the mass ratio between LiCo1/3Mn1/3Ni1/3O2 and AC. Subse-
quently, to optimize the mass ratio between positive and negative
electrodes, the device were fabricated at different mass ratios like
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0.75:1,1:1,1.25:1,1.5:1, 1.75:1, 2:1 and 2.5:1. In this present case, the
electrode masses of AC are fixed and varied the masses of LiCo1/3Mn1/
3Ni1/3O2. Fig. 8 (a) shows the GCDs curves of aqueous Li-HSC at
different mass ratio. It can be seen that the discharge time of the
aqueous Li-HSC decreases with increase of LiCo1/3Mn1/3Ni1/3O2 mass.
Surprisingly, the charge/discharge pleatu regions are clearly noticed
when increasing LiCo1/3Mn1/3Ni1/3O2 mass. The calculated discharge
specific capacitance at different mass ratios are 129 F/g (0.75:1),
112 F/g (1:1), 108 F/g (1.25:1), 87 F/g (1.5:1), 84 F/g (1.75:1), 84 F/g
(2:1) and 57 F/g (2.5:1) at 0.1 mA/cm2 current density. The GCD
analysis reveals that the Li-HSC shows the higher specific capacitance
while fixing the mass ratio of 0.75:1 (LiCo1/3Mn1/3Ni1/3O2jjAC).
Therefore, the same ratio is used for the cell fabrication in the subse-
quent electrochemical analysis.

Fig. 8 (b) shows the CV curve of the fabricated Li-ion hybrid cell using
LiCo1/3Ni1/3Mn1/3O2 as the positive electrode and AC as the negative
electrode in 0.5 M Li2SO4 electrolyte at different scan rate of 1, 5 and
10 mV s�1. The fabricated device can work upto 1.6 V without any O2 or
H2 evolution. In charging process, the Li-ion is adsorbed on the surface of
the AC and then unbalancing force will be created. So, the Li-ion is de-
intercalated from LiCo1/3Mn1/3Ni1/3O2. During the discharging process
the Li-ion de-adsorbed on the surface of AC and back into the electrolyte
solution and Li-ions intercalated into the host structure [59]. The
calculated specific capacitance is 51, 30 and 24 F g�1 and its corre-
sponding scan rates of 1, 5 and 10 mV s�1. Fig. 8 (c) shows the GCD curve
of fabricated Li-ion HSC device using pristine LiCo1/3Ni1/3Mn1/3O2 as
positive electrode. It can be seen that the device exhibited the specific
capacitance of 90 F g�1. Unfortunately, while increasing cycling (at 100th

cycle), the specific capacitance is decreased to 16 F g�1. This may be due
to the phase transition, unstable electrode and electrolyte layer and un-
wanted side reactions [21]. After 1000 cycles, Li-ion HSC cell lost its
84.45% of initial specific capacitance (14 F g�1). On the other hand the
Li-ion HSC cell fabricated using carbon coated LiCo1/3Ni1/3Mn1/3O2
provides improved as well as high stable cycling performance. Fig. 8 (d)
shows the corresponding GCD curve of the fabricated cells. Initially, the
cell provides a specific capacitance of 22 F g�1 and subsequently it
increased to 60 F g�1 after 3000 cycles due to the activation effect [38],
and it retains 56 F g�1 over 5000 cycles. The reason for this increasing
capacitance is, the contribution of active materials is less at initial cycles
due to the slow penetration of electrolyte. But the subsequent cycles, all
the active sites are participating in the reaction, which in turn enhanced
capacitance. Beyond activation process, the carbon coating on LiCo1/3-
Ni1/3Mn1/3O2 also enhances the specific capacitance due to adsorp-
tion/desorption of ions on the outer surface [59]. The coated amorphous
carbon has some porous nature which provides a large electro-active
surface area and shorter diffusion length for ionic conduction [67]. The
battery typematerial into the carbonaceous network helps to enhance the
diffusion and electron transfer limitations [38]. Fig. 8(e) shows the
cycling stability curve of the fabricated hybrid cells using pristine
LiCo1/3Ni1/3Mn1/3O2 and carbon coated LiCo1/3Ni1/3Mn1/3O2 as positive
electrodes. After 1000 cycles, the specific capacitance of LiCo1/3-
Ni1/3Mn1/3O2kAC hybrid cell is decreased from 90 to 14 F g�1. On the
other hand, LiCo1/3Ni1/3Mn1/3O2@CkAC hybrid cell provides an
increased specific capacitance from 22 to 56 F g�1 even after 5000 cycles.
The interconnected carbon composite tightly connected with the metal
oxides which can enhance the electronic conductivity, suppress the vol-
ume change and agglomeration of the active particles during the lithium
ion insertion/de-insertion process [66]. The reason for increasing the
specific capacitance of LiCo1/3Ni1/3Mn1/3O2@C composite is that the
theoretical specific capacity of carbon (360 mAh g�1) is higher than the
LiCo1/3Ni1/3Mn1/3O2 (278 mAh g�1) [59]. The carbon composite have
some porous nature (Fig. 2d, e & f), which provides large electro-active
surface area and shorter diffusion length for ionic conduction [67]. The
activation and synergistic effect both contribute to higher specific
capacitance of the Li ion HSC cell [38,68]. The calculated energy density
and power density is 20 Wh kg�1 and 264 W kg�1, respectively. Overall,



Fig. 7. CV curve of AC at (a) 0.5 mV s-1 and (b) at different scan rates from 0.1 to 1 mV s-1 (0.1 mV s-1 interval), (c) GCD curve at different current densities and (d) cyclic stability.

Fig. 8. (a) GCD curves of Li-HSC at different mass ratio, (b) CV curve of carbon coated LiCo1/3Ni1/3Mn1/3O2kAC hybrid cell at different scan rates, galvanostatic discharge curve of (c)
LiCo1/3Ni1/3Mn1/3O2kAC and (d) carbon coated LiCo1/3Ni1/3Mn1/3O2kAC hybrid cells at 1 mA cm-2 with difference cycles and (e) Cycling stability curve of both cells.
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the fabricated Li-HSC is more favour for long cycle applications. How-
ever, still it has the scope to improve the overall electrochemical per-
formances especially, the rate capability of the LiCo1/3Ni1/3Mn1/3O2
electrode, specific capacitance of the cell, etc. by the following ways. (i)
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By improving the electrolyte concentration (saturated, 1 M, 2 M, etc.)
since, at low concentration the high polarization created between cell
and lithium sulphate electrolyte solution due to re-crystallization process
of Li2SO4 crystals in the electrolyte solution upon slow evaporation of
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water molecules [69]. (ii) To increase the electrode reactivity, tuning the
structure of LiCo1/3Ni1/3Mn1/3O2 is mandatory particularly, the plane
(I(003)/I(104)) ratio should be more than one [70]. (iii) The oxygen level in
the electrolyte (normally 21%) can be reduced by N2 treatment during
electrochemical reactions, may improve the performance of the
cells [71].

4. Conclusions

LiCo1/3Ni1/3Mn1/3O2 and activated carbon from Agave Americana is
successfully synthesized through polymeric precursor method and
chemical activation method. The structural analysis revealed that hex-
agonal α-NaFeO2 crystal structure and prepared activated carbon belongs
to turbostatic carbon structure. The morphological analysis assured that
LiCo1/3Ni1/3Mn1/3O2 exhibits the non uniform shape particles and shows
the presence of carbon clouds around the LiCo1/3Ni1/3Mn1/3O2 particles.
The carbon coated LiCo1/3Ni1/3Mn1/3O2 half cell delivers the high spe-
cific capacitance of 30 mAh g�1 at 3 mA g�1 compared to pristine LiCo1/
3Ni1/3Mn1/3O2 and activated carbon electrode delivers 126 F g�1 at
3 mA g�1. The Li-ion HSC is fabricated using LiCo1/3Ni1/3Mn1/3O2 as a
positive electrode and bio mass derived activated carbon as a negative
electrode delivered 90 F g�1 and it could retain only 14 F g�1 even after
1000 cycles. However, Li-ion HSC using carbon coated LiCo1/3Ni1/3Mn1/
3O2 delivered higher discharge capacity of 56 F g�1 and retained after
5000 cycles at current density of 1 mA cm�2. The carbon composite on
the positive electrode enhances the conductive network and it acted as a
buffer layer to accommodate the stress induced by the lithium insertion/
extraction. Finally, the fabricated Li-ion HSC cell exhibited energy den-
sity of 20 Wh kg�1 and power density of 264 W kg�1 with an output
voltage of 1.6 V. The carbon composite with the positive electrode ma-
terial facilitate to enhance the cycling stability and power density of the
Li-HSC making it as a promising positive electrode material for Li-ion
hybrid supercapacitor.
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