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This work describes the fabrication of high-energy Li-ion hybrid electrochemical capacitors (Li-HEC)
from the environmentally threatening and invasive Prosopis juliflora. The carbon derived from this acts as
the positive electrode active material in organic medium. High-surface-area carbon was obtained from P.
juliflora and activated using KOH at various concentrations and temperatures. Of the tested ratios, 1:2
(carbon: KOH) treated at 900 °C (KC21-900) yielded a high specific surface area (2410 m? g~ ') and
specific capacitance (~161 F g~!). Then, a Li-HEC was fabricated with a homemade insertion-type

Li4TisO1, negative electrode, delivering a maximum energy density of ~80 W h kg~ . In addition, the
prepared Li-HEC had excellent cycleability (10000 cycles) and good capacity retention characteristics.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Sustainable renewable energy generation from sources that
would otherwise be environmental pollutants and transportation
of such energies for the desired applications would lead to signif-
icant global social and economic development. The principle
disadvantage of commercially available energy storage devices
such as supercapacitors and Li-ion batteries (LIB) is that they have
low roundtrip efficiencies and poor power capabilities. Moreover,
their energy and power densities are significantly lower than those
necessary for applications in zero-emission transportation such as
electric vehicles (EV, >150 W h kg~') and plug-in hybrid electric
vehicles (P-HEV, 57 to 97 W h kg~ ') [1]. Among the electric storage
devices, Li-ion batteries are capable of delivering the necessary
energy density, but the power capability is not sufficient for use in
vehicles. Nevertheless, supercapacitors, preferably electric double
layer capacitors (EDLC), are capable of having high power capabil-
ities, but have lower energy densities. Therefore, an electro-
chemical energy storage device that is capable of delivering high
energies and power densities is required to fulfill the power
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requirements of these vehicles [2—4]. More specifically, the new
storage device must fill the gap between rechargeable batteries and
conventional supercapacitors. Amatucci et al. [5—7] first introduced
the concept of hybridizing high energy LIB and high power EDLC's
in aprotic organic media to achieve a high energy density without
compromising the high power capability. Generally, this new
electrochemical energy storage device, i.e., Li-ion hybrid electro-
chemical capacitor (Li-HEC), is constructed with a Li-ion insertion
type battery component (LIB electrode) and a double-layer forming
supercapacitor component as the counter electrode, which pro-
vides the desired energy and power densities, respectively. For the
battery component, numerous Li-ion insertion type electrodes have
been investigated for Li-HEC applications. Li4TisO1, remains the
most popular for various reasons, and it has been clearly described
in our recent reviews [2,8]. However, there are few reports about
the supercapacitor component [9—14]. Carbonaceous material is
the unanimous choice for the supercapacitor electrodes, i.e., acti-
vated carbon (AC), due to its high electrical conductivity, tailored
morphology, high specific surface area, and eco-friendliness. The
choice of carbon precursor and activation conditions determine the
electrochemical performance of such materials via surface area,
pore-size distribution, electrical conductivity and the presence of
electrochemically active surface functional groups [15,16]. Recent
research has shown that high-surface-area carbonaceous material
derived from biomass, such as seaweed biopolymers, waste coffee
beans, corn grains, banana fibers, pinecones, etc., have notable
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supercapacitive properties [17—19]. Prosopis juliflora is an envi-
ronmentally threatening, invasive weed and has invaded millions
of hectares of land in the arid and semi-arid areas of Asia, Africa,
Australia, and America. The tree absorbs atmospheric humidity
and, thus, reduces rainfall. In addition, its growth has displaced
native flora and fauna. Therefore, many countries are attempting to
remove P. juliflora permanently, the so-called ‘juliflora abolish
movement’. However, the wood is dimensionally stable and has
good mechanical properties. In addition, it is used predominantly
as wood fuel, in construction sites, and it could be a valuable
alternative to remedy wood shortage that would reduce pressure
on natural and plantation forests. Bearing this in mind, we attempt
to use this material for energy storage applications, particularly, the
development of a high energy Li-HEC. Prior to testing the P. juliflora
AC as an electrode for charge storage, we have carried out a sys-
tematic study on the preparation of AC from P. juliflora. Firstly, the
influence of the pore forming agent, i.e.,, KOH, and its capacitive
behavior has been evaluated in symmetric configuration. Subse-
quently, the energy density has been increased by introducing a
homemade insertion type electrode LisTisOq; with P. juliflora
derived AC as the supercapacitor component in a Li-HEC assembly.
In addition, extensive physico-chemical properties, including XRD,
BET surface area, Raman analysis, XPS, and SEM studies, were
conducted and are described in detail.

2. Experimental section
2.1. Preparation of AC and Li4Ti;01,

P. juliflora wood (Karuvelam-KV-Cs) was used as the starting
material. The dried P. juliflora wood was washed with water and
dried at 60 °C for 24 h and cut into small pieces. The small pieces
were charred at 250 °C for 1 h. Then the black colored char was
ground into a fine powder and treated with different weight ratios
of KOH at 120 °C for 3 h. Then, the mixture was activated at 800
and 900 °C under an N; flow at a heating rate of 5 °C min~! for
3 h. After cooling to room temperature, the resultant product was
washed thoroughly several times with de-ionized water until the
pH value became neutral. The washed powder was under vacuum
dried and used for various characterization studies. KV-Cs ob-
tained at 800 °C with KOH: Carbon weight ratios of 0:1, 1:1, and
2:1 are designated KC01-800, KC11-800, and KC21-800, respec-
tively. At 900 °C, only the 1:2 ratios KOH was tested and is
designated KC21-900.

Insertion type, LigTisO1, (BET specific surface area:
3.73 + 0.35 m? g~ 1) was synthesized by solid state reaction. In the
typical process, stoichiometric amounts of LiOH - H,O (Junsei, Japan)
and TiO; (anatase form, Junsei, Japan) were used. The mixture was
finely ground and pre-calcined at 400 °C for 10 h and calcined at
800 °C for 20 h in an O, atmosphere using a tubular furnace to yield
the desired phase.

2.2. Physical characterizations

The crystalline phase of the resulting material was studied by
powder X-ray diffraction (XRD, Rint 1000, Rigaku, Japan) using
CuK,, radiation. BET surface area measurements were performed by
using a Micromeritics ASAP 2010 surface area analyzer. Morpho-
logical features of the samples were recorded by using a scanning
electron microscope (FE-SEM, S4700, Hitachi, Japan). X-ray photo-
electron spectroscopy (XPS) was also performed using a Multilab
2000, (Thermo Scientific, UK) with monochromator and AlKao ra-
diation (hy = 1486.6 eV).

2.3. Electrochemical characterization

All the electrochemical measurements were performed in
standard CR2032 coin-cell configuration. The composite electrodes
were formulated with accurately weighed amounts of the active
materials (80% or 8 mg), ketzen black (10% or 1 mg), and teflonized
acetylene black (10% or 1 mg, TAB-2) slurried with ethanol. The
slurry was pressed over a stainless-steel mesh (16 mm diameter,
200 mm? area) and dried at 160 °C for 4 h in a vacuum oven. The
symmetric and Li-HEC assemblies were constructed in two elec-
trode configuration, separated by a porous polypropylene (Celgard
3401, USA) film and filled with 1 M LiPFg in ethylene carbonate
(EC)/di-methyl carbonate (DMC) (1:1 v/v, Soulbrain Co. Ltd, Korea).
Cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) studies were performed using an electrochemical
work station (Bio-Logic (SP-150), France). Galvanostatic char-
ge—discharge studies were performed at different current densities
using a conventional battery tester (WBCS 3000, Won-A-Tech,
Korea) under ambient conditions. The electrochemical parameters
were calculated using formulas described elsewhere [11,14,20,21].
The corresponding specific capacitance was calculated from the
following equation,C = 41 x At/m x AV, where C is the specific
capacitance (Fig. 1), I is applied current (A), At represents discharge
time (s), AV represents the potential window (V), and m is the total
mass of the electrodes (g). Specific energy (E) and power densities
(P) are calculated using following relations: P = (AE-i/m)
andE = (P-t), where AE = (Emax + Emin)/2 and Emax and Ep, are
respectively the potential at beginning of discharge and at the end
of discharge curves of galvanostatic cycle.

3. Results and discussion
3.1. Physico-chemical properties

Fig. 1 shows the XRD pattern and BET specific surface area of KV-
C's and insertion type LisTi5O1, (LTO). As shown in Fig. 1a, all KV-C's
have similar diffraction patterns without any sharp reflections,
corresponding with the amorphous nature of the carbon derived
from P. juliflora. The intensity of the broad reflection located at
260 = ~25° (dop2) for KV-C10-800 decreased upon activation with
KOH, irrespective of the KOH concentration and sintering temper-
ature. Nevertheless, a notable improvement in crystallographic
ordering is observed from the calculation of d100/dy; ratio, indi-
cating an increase in the degree of graphitization [12]. The micro-
structure and crystallinity of LTO is shown in Fig. 1b. The most
intense diffraction peaks of the pristine sample at 18.4°, 43.3°, and
62.9° correspond to the (111), (004) and (044) reflections of the
standard LTO phase (space group: Fd3 m, ICSD card no. 98-001-
5787), respectively. A phase pure LTO could be obtained without
any impurity traces such as Li;TiO3 and rutile TiO,. The N
adsorption—desorption isotherms for KV-Cs activated with various
amounts of KOH at different temperature and LTO are shown in
Fig. 1c. At low-pressure conditions, rapid increases in adsorp-
tion—desorption isotherms are evident, which is consistent with
the IUPAC classification for type-I isotherm (Fig. 1c). The major
uptake occurs at low relative pressures, indicating activated car-
bons with microporous structure with narrow pore size distribu-
tion (Fig. S1). The effect of temperature during activation on the BET
surface area and pore volumes (total, micropore, and mesopore) of
the KV-Cs and LTO are shown in Table 1. The specific surface area
and pore volume of the KV-Cs were gradually increased with KOH
concentration (from 1:0 to 1:2 ratios) and carbonization tempera-
tures (from 800 to 900 °C). The specific surface area for KC21-900
and LTO were found to be 2410 and 3.7376 m? g~! and total pore
volumes were 1.1963 and 0.020913 cm? g/, respectively. The micro
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Fig. 1. XRD patterns of (a) activated KV carbons derived from P. juliflora and (b) LisTisO1, (LTO), (c) N, adsorption/desorption isotherms of (i) LTO, (ii) KC01-800, (iii) KC11-800, (iv)
KC21-800, and (v) KC21-900, (d) Raman spectra of (i) KC11-800, (ii) KC21-800, and (iii) KC21-900. (A color version of this figure can be viewed online.)

Table 1

BET surface area, total pore volume, and average pore diameter of different biomass activated carbon from KC01-800, KC11-800, KC21-800, and KC21-900.

Sample Sger® (m? g~ 1) Viotal” (cm® g~ 1) Viicro® (cm® g1 Vineso" (cm® g~ 1) Average pore diameter (nm)
KC01-800 455 + 19 0.1964 0.1800 0.0164 1.7251
KC11-800 1334 + 29 0.5922 0.4915 0.1007 1.7757
KC21-800 1589 + 34 0.6624 0.6327 0.0297 1.6672
KC21-900 2410 + 48 1.1963 1.1202 0.0761 1.9854

@ Sggr is the BET surface area and it was measured at relative pressure of 0.990.

b Total pore volume (Viora1) Was the single point adsorption total pore volume of pores less than 400 nm diameter at P/Py = 0.990.

€ Vnnicro is the micro pore volume.
9 Vineso is the meso pore volume.

and meso-porosities also changed with the activation temperature
and KOH concentration. Raman spectroscopy is one of the impor-
tant tools for studying carbonaceous materials, particularly for the
nature of carbon and degree of graphitization during the activation
process. Fig. 1d represents the Raman spectra of KC11-800, KC21-
800, KC21-900, and LTO. In the case of KV-Cs, G and D bands were
positioned at ~1580 and ~1345 cm™, respectively [22,23]. The ratio
between the intensities of D and G bands (Ip/Ig) was used to predict
the degree of graphitization and formation of defects by lattice
distortion within the samples [24]. The intensity Ip/Ig ratios of
KC11-800 (0.91) and KC21-800 (0.93) were almost equal, suggesting
the presence of defects only at low temperature. Further, with
increased activation temperature (KC21-900), a decrease in Ip/Ig
ratio (0.87) and shifting of G band towards the lower wave number
(~1584—~1573 cm™!) were observed, which signifies the increase in
electrical conductivity [9]. The KC21-900 exhibits the G band at
~1573 cm™~! owing to the Raman-active E»g mode, which is analo-
gous to that of graphite, whereas the reflections at ~1346 cm™! (D-
band) and ~2683 cm~! (2D-band) mainly originated from the de-
fects [22,23,25]. Raman spectrum of LTO confirmed the formation
of a cubic spinel structure and composed of three predominant
reflections at ~235, ~425, and ~671 cm™! that are associated with
the Faq, Eg, and A vibration modes of O—Ti—O bond, Li—0 bond in

LiO4, and LiOg polyhedral, and Ti—O bond in TiOg octahedral envi-
ronment, respectively.

SEM pictures of AC derived from biomass (selected samples) and
spinel phase LTO are shown in Fig. 2. Fig. 2a depicts the carbon
treated at 800 °C for 3 h in N, atmosphere without any activating
agent. The AC showed a tubular structure derived from P. juliflora
wood, and few macro pores were also created by the partial
evaporation of cellulose type materials. Cracking and agglomera-
tion occurred on the char in a high temperature sintering process.
The external surface of the KOH-treated carbon is shown in Fig. 2b
and c. Both, KC21-800 and KC21-900 exhibited pores, which were
formed on the surfaces and inside the cavities. It is apparent that
the pore and cavity formation resulted from the charring of cellu-
lose with KOH [26,27]. Spaces were eventually between the core
and an edge site of the carbons by gasification at high-temperature
activation (preferably CO and CO,). The percentage of pore forma-
tion in carbonaceous material depends entirely on the weight ratio
of the KOH incorporated upon activation. The surface structure of
KV carbons activated with 1:2 (carbon: KOH) ratio is shown in
Fig. 2b and c. Increases in sintering temperature from 800 to 900 °C
created more pores by gasification, which eventually affected the
interior and exterior surfaces of carbon. The cracked and flake type
surface morphology was observed for such high KOH loading
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Fig. 2. SEM images of (a) KC01-800, (b) KC21-800, and (c) KC21-900; Biomass carbons naturally exist in a tubular structure. (d) LTO nanoparticle, which exist as nanoflakes (inset).

(KC21-800 and KC21-900). In addition, the presence of Ca during
pore formation cannot ascertain because Ca is a well-known acti-
vating agent. The carbonization temperatures for chemical activa-
tion to increase the pore volume and BET surface area are
confirmed from Table 1. As expected, increases in KOH concentra-
tion and temperature resulted in the increase in specific BET surface
area. An SEM picture of LTO particles prepared by solid-state
approach revealed an average particle size of 1-3 pm in diameter.
The LTO particles are homogenous in size and shape with a flake-
like morphology.

Surface features of the AC derived from P. juliflora wood were
further explored by X-ray photoelectron spectroscopy (XPS) and
given in Fig. 3, S2, and S3. Fig. 3a shows the survey spectrum of
KC21-900, and features different elements such as O, Ca, S, and N
with ~21.86,~3.5, ~1.11, and ~0.86 at.%, respectively. This implies
that there are abundant carbons functionalities present in KC21-
900. The high-resolution de-convoluted C 1s spectrum is shown
in Fig. 3b. The core-level spectra of C 1s confirm the well resolved
peaks corresponding to carbon atoms in different chemical envi-
ronments, for example, binding energies at ~284.58 (sp? graphitic
(), ~285.43 (sp> graphitic C), ~286.7 (C—N or C—0), ~288.6 (C=0),
and ~291.39 eV (m—mt*) [28—30]. The sp3 bond configuration forms
o—o* bands and the sp? sites create T—m* bands by forming the
localized density of states. The mass percentages of the sp2 cluster
(32.38%) dominate the electrical properties of carbon. The O 1s
spectrum (Fig. 3c) exhibited three resolved peaks at ~531.85,
~532.84, and ~534.87 eV, suggesting that the oxygen bonded with
different compound groups, such as C—0, C=0, and 0—S [29—31].
Fig. 3d represents the Ca 2p [32] spectrum and features two main
peaks at ~347.82 eV for Ca 2p3p; and ~351.45 eV for Ca 2py),. The
spin—orbit splitting between these two peaks are at ~3.63 eV,
which confirmed that the Ca 2p existed in Ca—O or Ca—CO, com-
positions. The N 1s and S 2p spectrum are also shown in Fig. S3; the
peaks at ~400.07 and ~168.8 eV originated from C—NH; and M—SO
[31,33], respectively.

3.2. Symmetric supercapacitor

Symmetric supercapacitors were fabricated in the presence of
an organic medium using P. juliflora derived carbons as the elec-
trode. Carbons with a high specific surface area are one of the pre-
requisite for the utilization of electrodes in supercapacitor fabri-
cation, irrespective of aqueous or organic mediums. Fig. 4a shows
the electrochemical performance of KC01-800, KC11-800, KC21-
800, and KC21-900 in a symmetric configuration between 0 and
3V at a scan rate of 5 mV s~ .. The observed CV traces clearly
exhibited a rectangular curve without any redox peaks, which is a
typical characteristic of EDLC behavior of carbonaceous material.
The shape and area of KC21-900 CV curve was much better and
higher than the rest of the electrodes tested. The rectangular shape
was preserved for KC21-900, even the scan rate was increased to
50 mV s~ ! (Fig. S4). This results mainly in larger micro- and meso-
pore volumes, apart from the high specific surface area. The larger
pore-volume certainly enables the facile adsorption/desorption of
PFs anions and subsequently leads to the double layer formation
across the electrode/electrolyte interface. The high surface area
provides more active sites for the electric double layer formation.
Overall, KC21-900 proved to have good charge propagation by the
adsorption/desorption of ions without any pseudocapacitive ten-
dencies. Based on the above performance, in-depth electrochemical
investigations were conducted only for KC21-900. Accordingly, CV
studies were conducted at various sweep rates (5, 10, and
50 mV s~ 1) to ensure the EDLC behavior (Fig. 4b). At high scan rates,
CV traces slightly deviated from their ideal rectangular shape,
which was common for all the materials. This behavior was mainly
because of the low ionic mobility and less active material partici-
pation upon electrochemical reaction. However, in the present
work, until 50 mV s~! the pattern of CV curves remained in a
symmetrical rectangular shape, which indicated the high power
capability of KC21-900. During electrochemical reactions, the ion-
buffering reservoirs in the macropores were easily transferred to
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(d) Ca 2p. (A color version of this figure can be viewed online.)

the interior surfaces of carbon towards the double layer formation.
Further, presence of mesopore walls certainly provided a less-
resistant pathway for ion transport and eventually strengthened
the electric double layer formation. The different porous nature of
KC21-900 helped in maintaining a good capacitive behavior at high
current rates, and further in shortening the diffusion pathway be-
tween mesopores and microspores, which certainly enhanced
facile ionic transportation. In addition, the optimum level of oxygen
functionalities binding with Li based on the enolization process,
which also contributed to capacitance and stability upon cycling
[34]. Galvanostatic charge—discharge performance and cycleability
of the KC21-900 based symmetric supercapacitor were tested at
1 A g~! and are shown in Fig. 4c. Here, the applied current density
was calculated based on the total mass of the electrodes. It can be
found that the KC21-900 exhibited a higher specific capacitance
(~140 F g~ ') compared to KC21-800 (~80 F g~!). The triangular
smooth charge—discharge patterns were consistent with the above
CV results. Upon cycling, ~91% of initial capacitance was retained
for KC21-900, whereas only 47% of retention was noted for KC21-
800 after 5000 cycles (Fig. S5). These results indicated that the
KC21-900 not only showed excellent EDLC behavior but also
excellent cycling stability.

The charge—discharge profile for KC21-900 at various current
densities is presented in Fig. 5a. The maximum specific capacitance
of ~161 F g~ ! was achieved at a current density of 0.1 A g~ L. Even at
a current density of 2 A g~1, a specific capacitance of 125 F g~ was
noted. The specific capacitance as a function of current densities is
shown in Fig. 5b. From the above results, it is apparent that the
KC21-900 showed attractive performances in symmetric configu-
ration with high specific capacitance and long life cycle.

3.3. Li-ion hybrid electrochemical capacitor (Li-HEC)

Generally, low energy density is one of the prime issues of
symmetric supercapacitors irrespective of aqueous or organic me-
diums [35,36]. The utilization of organic mediums certainly en-
hances energy density, but it is not sufficient to drive the EV and
HEV. Therefore, a dramatic improvement in the energy density is
required without compromising the high power capability. Intro-
ducing insertion type electrodes for the fabrication of Li-HEC is one
of the efficient approaches to improve energy density. In this re-
gard, insertion type (LTO) was introduced as a negative electrode
along with KC21-900 as a positive terminal for the construction of a
Li-HEC in the presence of 1 M LiPFg in EC:DMC solution. Before
constructing the Li-HEC, mass loading has to be balanced between
the charges at positive (q.) and negative (q-) electrodes [37].
Therefore, single electrode performances of both electrodes were
analyzed with metallic Li under the same current density
(0.1 A g 1) for the optimization process (Fig. S6 and Fig. S7).
Accordingly, based on specific capacity of individual electrodes, Li-
HECs were fabricated by adjusting the optimal mass ratio between
negative (4 mg) and positive (9 mg) electrodes (1:2.25, myto/m kc21-
900 = 0.44).

Prior to this, performances of KC01-800, KC11-800, and KC21-
800 electrodes were also evaluated and compared with KC21-900
under similar testing conditions (Fig. S6). As expected, a high
reversible capacity (~80 mAh g~') was noted for KC21-900 with
good cycling characteristics irrespective of the applied current
densities. Fig. S7a clearly shows linear variations of char-
ge—discharge curves with respect to time. This clearly showed the
perfect double layer formation with PFg anion and is well



P. Sennu et al. / Carbon 98 (2016) 58—66 63

o
Van —— KC21-800
E 24 —— KC21.901
N’ -
=
o 04
5
S
21
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Voltage (V)
20 1 (b)
~~
E 10
- e
w 04
S o =
Sod | e
—_ mV s
U _20_ 50 oM e
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Voltage (V)
S
S 100 (€)
- W— — — ——— - -
g 804 25
g ~ 2.04
o 60{2
- v 15
g ¥
g 405 10
I
g 204 ] ' ' ' '
%‘ 0 200 400 600 800
U 0 T llrr‘e (SeC) T T T
0 1000 2000 3000 4000 5000

Cycle number

Fig. 4. (a) Comparison of CV traces of Prosopis juliflora derived carbons in symmetric
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supported by CV studies (Fig. 6a). Similarly, the Li-insertion/
extraction process of solid-state prepared LTO were well docu-
mented from in galvanostatic studies (Fig. S7b) and CV analysis
(Fig. 6a). Thus, both types of electrode materials were exceptional
in terms of their high specific capacity, high rate capability, and
excellent cycling stability. This might be attributed to the intrinsic
characteristics such as structure and morphology of the KC21-900
and LTO, which provided sufficient space for electrolyte diffusion
and ensured high facile ion movement for Faradaic and non-
Faradaic reactions. CV studies were performed for both electrodes
and Li-HEC at a slow scan rate of 0.1 mV s~! to understand the
reaction kinetics and storage mechanism.

As shown in Fig. 6a, the KC21-900 electrode between 3 and 4.6 V
vs. Li exhibit a perfect rectangular shape without any obvious redox
peaks, which clearly reflects a characteristic EDLC behavior. A pair
of well-defined sharp and intense anodic and cathodic peaks were
observed for the case of LTO, which obviously suggests a perfect Li-
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Fig. 5. (a) Galvanostatic charge—discharge profiles of a KC21-900 based symmetric
supercapacitor at various current densities, (b) Plot of specific discharge capacitance vs.
applied current density. (A color version of this figure can be viewed online.)

insertion/extraction process with a two-phase reaction mechanism
[8]. The observed voltage gap between redox peaks exhibited better
kinetics and durability of the electrodes during electrochemical
reactions. Unlike the sharp redox peaks observed in LTO, Li-HEC
showed quasi-rectangular shaped curves within a 1-3 V range.
This CV signature suggests the involvement of both Faradaic and
non-Faradaic reactions in Li-HEC, and this is consistent with pre-
vious reports [11,38]. The CV curves of the Li-HEC recorded at
different scan rates (5, 10, and 50 mV s~ !) are illustrated in Fig. 6b.
When the sweep rates increased, the shapes of CV curves remained
the same but more distortion was noted, indicating a fast Li-
intercalation/de-intercalation along with a dominant super-
capacitive behavior. This is very important for the high-rate oper-
ation of electrochemical power sources and is desirable from the EV
and HEV point of view.

Galvanostatic charge—discharge measurements were conducted
for Li-HEC at different current densities between 1 and 3 V and are
given in Fig. 7 (and Fig. S8). Here, the applied current density was
based on the total mass of both electrodes (13 mg). Compared to
EDLC, no perfect linear curves were obtained for Li-HEC because of
the redox behavior of the negative electrode resulting from the
perfect Li-insertion/extraction process. In a typical charge process,
Li-ion is intercalated in to LTO matrix and PFg are adsorbed on the
KC21-900 surface and eventually involves the double layer forma-
tion. Upon discharge, the aforesaid reaction was reversed [2].

Long cycle life or cycling stability is also an important parameter
for Li-HEC to realize the practical use. In this regard, Li-HEC was
cycled at a current density of 1 A g~! and the obtained results are
depicted in Fig. 8. Fig. 8a represents the cyclic retention and the
coulombic efficiency of the Li-HEC cell as a function of cycle
number. The cell retained ~76% of its initial value after 10, 000
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and LTO in a single-electrode (half-cell) configuration between 3—4.6 and 1-3 V vs. Li,
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under the same scan rate between 1 and 3V, (b) CV traces of KC21-900/LTO based Li-
HEC at various scan rates. (A color version of this figure can be viewed online.)
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Fig. 7. Typical galvanostatic charge—discharge profiles of KC21-900/LTO based Li-HEC
at different current densities. Here the current density is based on the total mass
loading of the electrode. (A color version of this figure can be viewed online.)

cycles, showing that Li-HEC possesses an excellent stability upon
prolonged cycling. We strongly believe that this outstanding elec-
trochemical stability is mainly attributed to the tubular hollow
carbon skeleton in KC21-900 with tailored micro and meso-
porosities and the optimum amount of functional groups present
in the carbonaceous electrode, apart from the high specific surface
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Fig. 8. (a) Plot of cyclic retention vs. cycle number and coulombic efficiency of KC21-
900/LTO based Li-HEC at a current density of 1 A g~ Here, the current density is
based on the total mass loading of the electrode. Inset: typical charge—discharge
curves for the first five cycles, (b) Ragone plot of KC21-900 based symmetric and Li-
HEC configuration. (A color version of this figure can be viewed online.)

area. Fig. 8b shows the Ragone plot of KC21-900 based Li-HEC with
LTO and symmetric configuration. As mentioned earlier, both
electrode masses were taken for the calculation of energy and
power densities. Similarly, average potential (1.5 V for symmetric
supercapacitor and 2 V for Li-HEC) were taken into account.

As expected, Li-HEC displayed the maximum energy density of
~80 W h kg~! compared to ~50 W h kg~ ! for KC21-900 based
symmetric supercapacitor. Increases in current density i.e. power
density tended to decrease energy density. At a high power density
of 3 kW kg1, the energy density of KC21-900 based symmetric
supercapacitors (~39 Wh kg~ ') was marginally higher than Li-HEC
(~38 Wh kg~ 1). This slightly inferior performance of the Li-HEC at
high current rates was mainly due to the limited Li-ion kinetics in
the insertion negative electrode, LTO. Nevertheless, this can be
further improved by adopting either surface modification with
carbon or composite formation and carbonaceous materials such as
carbon nanotubes, carbon nanofibers, and graphene nanosheets
[39]. On a side note, the observed values were much higher than
that for activated graphene (~41 W h kg~1) [10], shredded waste
paper (~61 W h kg~!) [12], metal organic framework derived car-
bon (~65 W h kg !) [38], and AC derived from coconut shell
(~69 W h kg~ 1) [11] based Li-HEC's. To the best of our knowledge,
this is one of the highest values reported on Li-HEC, apart from the
graphitic/hard carbon negative electrode [2].

The electrode kinetics and electrochemical performances of the
Li-HEC cell are identified from Nyquist plots displayed in Fig. 9a.
Each plot consists of a semicircle at high frequency region and a
straight line at low frequency region. In the low-frequency region,
the electrodes exhibit typical capacitive behavior due to the pres-
ence of nearly vertical tails, indicating facile Li-insertion/extraction
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[40]. A depressed semicircle was observed in the medium fre-
quency region, which resulted from a parallel combination of the
charge-transfer resistance (R.) caused by Li-insertion/extraction
and a constant phase element. A small decrease in the solution
resistance (Rs) from ~5.98 to ~5.19 Q was noted after the prolonged
cycling of 10,000 cycles. Similar to R, there was not much variation
in the Rct, for example, the value of ~11.84 and ~10.93 Q were
observed for after 1st and 10000 cycles, respectively. This marginal
decrease in the R values certainly showed that the excellent sta-
bility and integrity of both electrodes towards the electrolyte so-
lution. CV experiments were conducted for after 10,000 cycles at a
lower scan rate and compared with first one (Fig. 9b). No apparent
changes in the shape of the CV curves between first after 10000
cycles were noted except in an area under the curve. Reduction in
the area was consistent with the long-term cycling profiles of Li-
HEC. Overall, an excellent performance was noted for the P. juli-
flora wood derived carbon in both symmetric and hybrid configu-
rations. This clearly showed the environmentally threatening tree
wood could be easily transformed into potential electrodes for
charge storage with low cost. Further studies are in progress to
improve the cycleability and high power capability of the Li-HEC.

4. Conclusion

In this work, we successfully demonstrated the construction of
Li-HEC using biomass derived carbon as supercapacitor component.
P. juliflora-derived carbon treated at 900 °C with a 1:2 KOH ratio
(KC21-900) has appealing properties. The morphological features
and composition of the materials were confirmed by BET, SEM and

XPS analysis. The KC21-900 based Li-HEC delivered a maximum
energy density of ~80 W h kg~! with 76% retention after 10000
cycles, offsetting the energy density of its symmetric configuration
(~50 W h kg~1). This reveals that an environmentally threatening
invasive weed could be easily used as an electrode for energy
storage devices such as EDLC and Li-HEC, eventually powering
electric vehicles (EVs), hybrid EVs, and plug-in hybrid EVs in the
future. Furthermore, this transformation of P. juliflora into an
attractive energy storage material aids the “abolish juliflora move-
ment” for environmental protection.
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