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Boron-rich ordered mesoporous carbon from solvent-evaporation-
induced self-assembly with tailorable microstructure and excellent
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The boron-rich ordered mesoporous carbons were formed via a solvent evaporation-induced self-assembly
10 strategy with controllable boron incorporation, tailorable microstructure, and extraordinary electrochemical
capacitance.
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Decorated resol derived mesoporous carbon: highly ordered
microstructure, rich boron incorporation, and excellent electrochemical
capacitance
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Nanoarchitecturing of carbon with assembled building blocks in diverse scales with superior
10 physical properties and tunable chemical characters is of great importance for energy storage.
Therefore, exploring boron-modified ordered mesoporous carbons (OMCs) with tailorable
microstructure and controllable incorporation become scientifically necessary. In this contribution,
the boron-rich ordered mesoporous carbons were formed via a solvent evaporation-induced self-
assembly strategy with controllable boron incorporation, tailorable microstructure, and
15 extraordinary electrochemical capacitance. The incorporated boron content can be verified from 0 to
1.64 wt%, and the obtained B-OMCs exhibited widened potential window and enhanced specific
capacitance. A maximum value of B incorporation (1.01~1.35 wt%) was detected in improving the
specific capacitance (0.38~0.39 Fm™). This is attributed to the specific oxygen chemisorption and
the strengthen surface polarization accompanied with B modification. These results demonstrate the
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material chemistry, widen the potential applications, and in consequence allow mechanistic insight

into the roles boron played for OMC textures and electrochemical activities.

1. Introduction clectrode materials in electrochemical energy storage>”'* and
metal-free catalysts for oxygen reduction reaction (in fuel cell),'
triglyceride transesterification (in biomass conversion),® as well
as oxidative dehydrogenation and alkane activation reactions.'’

so Among various heteroatoms involved in OMC, boron is a
unique element, bearing three valence electrons. When boron is
doped in carbon lattice as electron acceptor, a shift in the Fermi
level to the conducting band is presented, indicating a modified
electronic structure. The boron-doped carbon hence exhibited

ss superior capacitance as advanced electrode materials.>'* Besides,

when boron is incorporated into the carbon framework, series of
redox reactions can be carried out due to a catalytic effect of
oxygen chemisorption on the modified carbon surface.'®

Taking into account of both porous structure and surface
chemistry, few successful attempts were reported in the

Nanoarchitecturing of carbon with assembled building blocks
in diverse scales is of great importance for energy storage.'
Besides the common feature of porous carbon materials, ordered
mesoporous carbons (OMCs) are further improved by
periodically arranged uniform mesopore space, tailorable pore
sizes, and alternative pore shapes.” Therefore, OMC has been
widely explored for promising applications in energy conversion,
adsorption, drug delivery, and heterogeneous catalysis.’
However, the diverse applications of OMCs are not only bonded
to their superior physical properties, such as meso-structural
associated parameters, electric and thermal conductivity, but also
to their chemical characters.

35 In OMCs, the termination of nanocarbon sheets is intrinsically
decorated by abundant active sites, such as lattice defects and fabrication of boron-rich OMCs while maintaining a similar
functional groups. Thus the chemical properties of OMC can be structural system as the B-free one, albeit widely investigated.**
tailored by heteroatom functionalization on graphene or Thus, exploring boron-modified OMC with tailorable
molecular carbon geometries at the edges, defects, or strained microstructure and controllable incorporation is scientifically
regions etc. Hitherto, great effort has been made to develop necessary to demonstrate the material chemistry, widen the
heteroatom (such as B,"* N,**!* 0, p,”*!" § %) incorporated potential applications, and in consequence allow mechanistic
OMCs and the results show that the electronic properties of insight into the roles boron played for their textures and activities.
carbon can be mediated and hence render greatly improved Generally, the formation of boron-modified OMC requires
catalytic activities and electrochemical performances. Therefore, boron/carbon source as the precursor and hard/soft templates as
4s heteroatom incorporated OMCs have been regarded as advanced | he mesopore-forming agents. Herein, the boron-rich OMCs were
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also supposed to exist in the resultant materials. However, the Na

element is hard to detect by EELS because the elemental edge is
so at high-energy region. However, the Na can be confirmed by the

fabricated via a solvent-evaporation-induced self-assembly (EISA)
method, which allowing efficient synthesis of OMCs with
controllable multi-level pore structures.'” The as-obtained boron-

w

rich OMCs were with controllable boron incorporation, tailorable
microstructure, and extraordinary electrochemical capacitance.

EDS spectra (Fig. 2c). The HAADF-STEM image, C, O, Na
maps, and the spectra provide an unambiguous evidence for the

uniform distribution of O, C, as well as Na species in B0.3-OMC.
Combined with the EELS and EDS mapping, it is well confirmed

ss that the B, C, O, Na were homogeneously distributed in the B0.3-
OMC matrix.

2. Results and discussion

In the current EISA strategy, B-modified resol was pre-
synthesized, and following by a self-assembly with tri-copolymer
F127 and a further curing process, the obtained soluble resol @)
ultimately transformed into B-decorated, well ordered
mesoporous polymer. After a carbonization at 800 °C in N,
atmosphere, consequent B-modified OMCs were fabricated and
donated as Bx-OMC, in which x represented the ratio of boric
acid to phenol. The key point of our synthesis is the elegant
15 functionalization of resols with B via oxygen bridges. This can be
realized by intermolecular dehydration of boric acid and water-
free monomethylol phenols, as shown in Fig. 1 and Fig. S1. At
beginning, boric acid is unsolvable or semisoluble in water free
monomethylol phenols. However, after the mixture of boric acid
and water-free monomethylol reacted at the temperature of 120°C
for several minutes, the turbid mixture turned transparent,
indicating that the boric acid was dissolved and reacted with the
monomethylol, forming homogeneous B-modified resol. In
contrast with physically mixed precursors,™’ the resultant B-
modified precursor played a role of both boron and carbon
sources. This not only simplified the following organic—organic
assembly process, provided tailorable mesoporous structure, but
also helped to enhance the introduction of B to the resultant
carbon materials, comparison details were listed in Table S1.

H OH OH oH OH
? H\n’H HOH,C. CH,0H oo
+ —_— —-
O 70°C NaOH 120 °C H3BO;

CH,0H CH,0H CH,0H

Carbon K edge Boron K edge

S

T T T
130 200 220 240

W

200 300 400 500 520 560
Energy loss (eV)

Counts (a.u.)

Oxygen K edge|

Boron K edge

540
Energy loss (eV)

2

S

2:

G

Downloaded by University of Sussex on 10 January 2013
Published on 04 January 2013 on http://pubs.rsc.org | doi:10.1039/C2RA22912A

step 2)

step ]7’ [ | -
. \ 3
\ P

step 3

»

80

X 4.0 6.0
30 Energy (keV)

Fig. 1 The proposed synthesis scheme of B-modified resol and Fig. 2 (a) EELS, (b) EFTEM: zero loss image, C, B, O energy filtered

photographs of current synthesis process: step / showed the water-free images and their colored combination, (¢) HAADF-STEM image, C, O,
monomethylol phenols, step 2 showed the mixture of boric acid and | Na maps, and EDS spectra of B0.3-OMC.

water-free monomethylol phenols, step 3 showed the pre-polymerized B-

35 modified resol after dehydration at the temperature of 120 °C. To designate and compare the actual functionalities of B-
modified OMC, X-ray photoelectron spectroscopy (XPS) was
further employed on B-free OMC and B0.3-OMC. The results
were listed in Fig. 3, S2, and Table 1. The Ols spectra

ss demonstrated characteristic features of carbon materials,
while Bls spectra revealed that B was introduced in the
carbon materials mainly in the form of oxygen-containing
species.>’ Besides, in the sample of B0.3-OMC, the survey of
XPS and Nals fine scanning spectra (Fig. S1) also indicate the

70 existence of sodium salts, which origined from the
neutralization of basic catalyst with acidic boron
functionalities.

To investigate the introduction and distribution of B element
in the resultant modified-OMCs, electron energy loss
spectroscopy (EELS), energy filtered TEM (EFTEM), and high-
angle annular dark-field (HAADF) - scanning transmission

40 electron microscopy (STEM), and energy-dispersive X-ray
spectroscopy (EDS) mapping were conducted on B0.3-OMC.
According to Fig. 2a and 2b, the EELS predicted a simultaneous
presence of C, O and B elements, while the mapping images
employed under EFTEM mode confirmed that B and O

ss functionalities were homogeneously distributed in the
carbonaceous framework. Besides, since no specific procedure
was carried out to get rid of the involved salt species, sodium was

2 | RSC Adv., 2012, [vol], 00-00 This journal is © The Royal Society of Chemistry [year]
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previous reports'® and TGA analysis (Fig. S3). Moreover, over
30 addition of boric acid also induced large amounts of unreacted
boric acid remaining in the system (details shown in Fig. S1),
taking part in self-assembly process, and hence being trapped
in the composite matrix. During pyrolysis and carbonization,
most of the overdosed dissociated B sources were forced to get
35 rid of the carbon materials along with the N, flow, but inevitably
left some B species transformed into B,0; and detected in the
samples of B0.6-OMC and BI1.0-OMC, marked with A
(reference code: 00-006-0297). Besides, it is worth noting that the
boric acid adding amount is not actually the concentration that
40 incorporated in B-OMCs. Because the modified precursor suffers
a drastic pyrolysis process, during which lots of oxygen
functionalities, as well as B functionalities, were get rid of the

Fig. 3 Ols and Bls XPS spectra of B0.3-OMC. The dark blue dots are
raw densities, the red lines are fitted species and the green solid curves are
summed densities.

carbon structures.

@ 7

\\ (b)

Table 1 XPS results of B0.3-OMC and OMC samples.

Element B.E. (eV) Content (wt%)

OMC B0.3-OMC

530.6 (Quinone) 0.31 1.53

531.8 (C=0) 2.88 4.82

O 532.8 (C-0) 4.36 434

533.7 (C-OH) 4.14 2.01

535.4 (H,O adsorb.) 0.39 0.59

Total content 12.08 13.29

190.4 (BC,0) - 0.16

B 192.1 (BCO,) - 1.04

193.2 (B,03) - 0.32

Total content -- 1.52
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45 Fig. 4 (a) Routine XRD patterns, (b) low-angle XRD patterns, (c) N,
sorption isotherms and (d) BJH pore size distributions of Bx-OMCs.

Table 2 Structural parameters, B contents and Specific capacitance of
EISA-B modified OMC

20

2

o

According to the proportion of oxygen species calculated in
10 Table 1, it can be concluded that the B introduction increases the
overall oxygen content compared with B-free OMC. Particularly,
the ratio of quinines and carbonyl oxygen in esters or anhydrides
increased drastically after B modification from 0.31 to 1.43 wt%
and 2.88 to 4.51 wt%, respectively. This is ascribed to the
inhibited pyrolysis process after B introduction,'® leaving more
thermal stable quinines and carbonyl groups in the as-obtained
materials. On the contrary, the content of carboxyl oxygen in B-
OMC decreased from 4.14 to 1.88 wt% due to the consumption
of carboxyl groups when dehydrated with boric acid.
Preparation of heteroatom bearing precursor was considered
as an in-situ modification strategy, thus the introduction of B
influenced not only the resultant materials but also their pyrolysis
performance. In the XRD patterns (Fig. 4a) of B-OMCs, series of
new peaks appeared when x increased to 0.6, the tiny one at
around 20.3°, marked with *, can be assigned as macromolecular
compounds (reference code: 00-053-1867). This suggested again
that B introduction hampered the pyrolysis process and thus
resulted incompletely carbonized materials, in consistent with

o

Sam- Sger Smwe  Vp Vo Dy a®  Beont Fin
ple m’/g m’/g m’/g cm’/g nm nm  wt% 2
OMC 694 343 048 0.16 34 103 - 0.19
BO.1 551 250 041 0.12 3.6 103 0.67 0.29
B0.3 462 212 036 0.10 37 105 1.01 038
B0.6 314 120 025 0.05 37 105 135 039
BI1.0 357 133 031 0.06 3.8 106 1.64 035

* qq is the cell parameter calculated as ap =2%d(100/ V3.
s0 ° determined by ICP

¢ Specific capacitance of per surface area.

Since heteroatom incorporation was reported to suppress
framework shrinkage during pyrolysis,” the cell parameters (ag)
of B-OMCs were calculated according to low angle XRD patterns.

ss As shown in Fig. 4b and Table 2, the increasing value of a, after
modification indicated that B element successfully
incorporated in the matrix of B-OMCs; in another aspect, the

was

This journal is © The Royal Society of Chemistry [year]
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barely variation of a, and well preserved structural ordering as a
function of B content can be attributed to the elegant modified
resol with B-O species. Thanks to the short bond length of B-O
(1.28-1.43 A),%° which influences little on textual parameters, the
meso-structural orderings were well preserved even when B
content increase to 1.64 wt%, as shown in Fig. 4b and Fig. 5d.
Fig. 4b shows the low-angle XRD patterns of B-OMCs, and the
strong peaks of B-OMCs centred at around 26 = 1.0° can be
indexed as the (100) reflection of 2D hexagonal ordered
mesostructures. Although ordered structures were obtained, it is
obvious that the (100) peaks were gradually widened along with
the increase of B content, suggesting that large amount of B
introduction may induce a deterioration of the long range
structural order. This was ascribed to the overdose of unreacted
boric acid, as shown in Fig. S1 and S3, which may not only
interfer the self-assembly process but also inhibit the cross-
linking and condensation of carbon precursors.

Meanwhile, the N, sorption isotherms (Fig. 4c) describe
typical IV type isotherms with H1 hysterises loops. This type
of isotherms depict characteristic of mesoporous structure,
while the reduced adsorption volumes at high P/P, indicate B
as a negative function of both surface area and pore volume.
The pore size distributions were demonstrated in Fig. 4d and
all structural parameters were summarized in Table 2. It is
obvious that the BET surface area, microporous area, total
volume, and microporous volume all decrease as the content
of B increase. Since most of the micropores in chemical
derived carbons are origined from the release of small
molecular gases during pyrolysis, the lack of surface area and
in B-OMC samples is attributed to the well
preservation of quinine and carbonyl groups, which, on the
other hand, sacrifices the formation of micropores.

volume

100 nm

s

Fig. 5 TEM images of (a) B0.1-OMC, (b) B0.3-OMC, (c) B0.6-OMC,
and (d) B1.0-OMC.

The TEM images in Fig. 5 pictured well ordered
mesoporous structure of the obtained B-OMCs, while their
directly estimated cell parameters were consistent with that

40

View Article Online

calculated by low-angle XRD patterns. Combined with TEM
images in large scales (Fig. S4), it can be observed that
besides ordered mesopores, spherical macropores were also
generated in B-OMCs. Intuitively shown in Fig. SI1,
increasing boric acid addition may result in more unreacted B
in the system, due to the thermodynamic equilibrium of the
dehydration reaction (in Fig 1). These dissociated B species
were consequently trapped in the matrix of nanocomposites
and finally formed macropores in the as-synthesized carbon
matrix during carbonization process. These new generated
macropores are also speculated to be responsible for the
decrease of pore volumes as a function of B content.

Supercapacitors, which are contributed by electrical double
layer capacitance and pseudo-capacitance, are promising power
sources for complementing rechargable batteries in portable
electronics, power management, and hybrid electric vehicles
because of their large power density and longer cycle-life.”' In
order to evaluate the capacitor performance of Bx-OMCs, the as-
prepared materials were characterized by cyclic voltammetry
(CV) (Fig. 6a) and Galvanostat charge-discharge (GC) (Fig. 6b)
profiles. The caculated capacitance revealed a general increase
tendency when B was firstly introduced. Nevertheless, when the
value of x is over 0.3 in Bx-OMC, sharp reductions of
gravemetric capacitance occurred due to the related decrease of
surface area. To rule out the influence of structrual properties, Fig.
6¢ demonstrated the normalized specific capacitances of B-
OMCs as a function of B content with a scan rate of 2 mV-s™,
which was supposed to reflect the intrinsic charge storage
function per unit area. A drastic increase of specific capacitance
was observed when B concentration is below 1.35 wt%, however,
more B introduction led to a decrease rather than further
improvement of specific capacitance. This indicated a maximum
value of B introduction for interfacial capacitance enhancement.
Correlated the capacitor performance with the surface
functionalites, the increase of quinine and carbonyl groups along
with B introduction contributes to the pseudofaradic charge
transfer on oxygen groups,?? as shown in Fig. 7a. On the other
hand, the presence of B via oxygen bridge may increase the
polarization of medium under an applied electric field, therefore
enhance the resultant capacitance likewise.

Besides the overall enlargment of specific capacitance, the
shape of CV cures scanning at 2 mV/s (Fig. 6a) also changed
after B-modification. During the charging process, inhibition of
electrolyte decomposition was observed on all the B-OMCs,
indicating a widened potential window and a consequent higher
energy density. This can be well explained by an enhanced
oxidation resistance acquired after B-modification,” which
subsequently results in a blockage of electrolyte decomposition.
Cosistent with phosphorus enriched carbon which was exploited
in acidic conditions and realized a widend potential window, our
results further examplified a similar possibility of B in basic
solution.”* Nevertheless, in alkaline solution, hydroxyl ion is
oxidized, more or less, into water and oxygen at high positive
potential. Some of these nascent oxygens release from the system,
others are adsorbed on the surface of nanopores due to the driving
force of the negative polarization. In the case of B-OMCs,
oxygen-containing B functionalities were assumed to enhance the
storage of in situ produced oxygen. When employing negative

4 | RSC Adv., 2012, [vol], 00-00
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potentials, bulge curves were obtained in B-OMCs below the
potential of -0.2 V, which are supposed to correspond to the
electro-reduction of sorbed oxygen. Thus, in addition to the
electrical double-layer capacitor storage and pseudofaradic
s reaction on oxygen groups, the capacity origined from the
enhanced oxygen adorption also contribute to the total charge.
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Fig. 6 (a) CV curves of Bx-OMCs at a scan rate of 2 mV/s, (b) GC curves
of Bx-OMCs at a scan rate of 0.2 A/g, (c) Specific capacitance as a
function of B content and (d) Capacitance retention as a function of
potential scan rate in a 6.0 M KOH electrolyte.

Scan Rate (mV/s)

s

However, at the expense of enhanced pseudocapacitance,
more response time was required for the faradic reaction.
Meanwhile, due to the variation of conductivity and surface

15 hydrophilicity accompanied with B incorporation, the kinetic
hindrance was also strengthened in the transport of both electrons
and electrolyte ions. To demonstrate this point, we conducted CV
tests at different scan rates (Fig. 6d). Compared with B-free OMC,
B modification caused inferior retention ratio in general.

20 However, as B content increase, this inferiority aggravated at first,
whereafter exhibited an improved tendency in the case of B0.6-
OMC and B1.0-OMC. Combined with structual analysis, low B
incorporation influenced little on porosities, thus, the variation of
retention is mainly controlled by the kinetic rather than the
diffuse limitation. Nevertheless, large amount of B modification
induced drastic decreases in micro-pore volume and, meanwhile,
generated a large amount of macropores. As a result, the diffusion
of electrolyte ions is benifited by these structual modulations,
which overcomes the negative function of conductivity and
kinetic hindrance induced by B incorporation, and hence resulted
in a rise up of retention ratio at high scan rate.
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3. Conclusions

2D ordered B-incorporated OMCs, which are promising
electrode materials for supercapacitors, have been
successfully fabricated by an EISA method. The incorporated
boron content can be verified from 0 to 1.64 wt.%, while
maintaining the well ordered structure of mesoporous carbon.
The obtained B-OMCs exhibited widened potential window
and enhanced specific capacitance,
40 parameters for energy and power density,

3

&

which are essential
respectively.

View Article Online
Moreover, a maximum value of B incorporation (1.01~1.35

wt.%) were detected in improving the specific capacitance

(0.38~0.39 F'm’?). The superior performance of B-OMC can

be attributed to the specific oxygen chemisorption, the
4s strengthen surface polarization and the enhanced hydrogen
adorption accompanied with B modification. Although the
optimization of surface area is beyond the scope of this work,
further augmentation of available surface area of the obtained
B-OMCs by conventional activations is highly desired in
practical applications to realize ultra superior capacitance in
future.

93
3

4. Experimental

4.1 Synthesis procedure for heteroatoms-doped ordered
mesoporous carbons

55 A soluble phenolic resin was
prepared by mixing 21.0 g phenol, 22.0 g formaldehyde (37 wt%)
and 3.75 g of 20 wt% sodium hydroxide (NaOH) aqueous
solution together in a flask at the temperature of 50 °C. The
temperature was gradually increased to 75 °C and the stirring was

0 maintained for 1.0 h. After the mixture was cooled down to room
temperature, the water in reaction system was removed by
vacuum evaporation below 50 °C. Then 1.25 g of boric acid was
added to the water free mixture and kept stirring for another 5.0
min. The obtained mixture was put into a pre-heated oil bath and

os followed by a further stirring of 0.5 h at the temperature of 120

°C, while new generated water was removed again by employing

vacuum evaporation. The final product was dissolved in ethanol

with the help of ultrasonic equipment and then was diluted to a

concentration of 30 wt%. The obtained modified resol was

donated as B0.1-R, in which 0.1 represented the ratio of boric
acid to phenol.

B0.1-OMC was synthesized by a solvent evaporation
induced self-assembly method. In a typical preparation, 3.0 g
F127 were dissolved in 20.0 g ethanol in the presence of 0.3 g
HCI (37 wt%). Then 10.0 g diluted BO.1-R (30 wt%) was added
drop wise and kept stirring for 0.5 h. The homogeneous
solution was poured into dishes to evaporate ethanol at room
temperature for overnight, followed by heating in oven at 100 °C
for 24 h. The well cured transparent films were scraped and then
so heated under a N, atmosphere at 350 °C for 2.0 h to remove

the surfactant and followed by carbonization at 800 °C for 2.0

h, at a ramping rate of 1.0 °C min™'. The final product is
denoted as B0.1-OMC.

By varying the amount of boric acid addition, B-OMCs with

ss different B concentrations were fabricated and donated as Bx-

OMC, with x represented the atomic ratio of boric acid to phenol.

low-molecular-weight

-
S

-
S

4.2 Characterizations

Nitrogen adsorption—desorption measurements were
performed at -196 °C with a Micromeritics ASAP2010
o instrument. Prior to the measurements, the samples were
degassed at 110 °C for 1.0 h and at 250 °C for 3.0 h. The
specific surface areas were calculated with BET equation and
the average pore diameters were estimated with desorption
branches based on Bopp, Jancsd, and Heinzinger (BJH)
os model.

This journal is © The Royal Society of Chemistry [year]
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XRD patterns were collected on a PW3040/60 X’ Pert
PRO (PANalytical) diffractometer equipped with a Cu K,
radiation source (A = 0.15432 nm), operating at 40 kV, 40 mA
for wide angle and 40 kV, 30 mA for low angle, respectively.
A continuous mode was used for collecting data in the 26
range from 10 ° to 80 ° for wide angle and from 0.5 ° to 4.5 °
for low angle.

TEM images were obtained on a Philips CM200 LaBg
microscope operating at 200 kV, and EELS spectrum and energy-
filtered images were obtained on a FEI Cs-corrected Titan 80-300
microscope operating at 80.0 kV. The HAADF-STEM, and EDS
mapping were carried out on a FEI Tecnai G2 F20 microscope
operating at 200 kV. The sample was ultrasonically dispersed in
ethanol, and then a drop of the solution was deposited on a holey
C/Cu TEM grid to be used for TEM, STEM and EELS
characterization.

XPS was conducted on ESCALAB250 (Thermo VG
Corporation) equipped with a Al K, radiation (1486.6 eV, 15
kV, 10 mA, 150W). All binding energies were calibrated with
graphitic carbon Cls peak at BE of 284.5 eV as a reference.
The recorded spectra were fitted by a least square procedure
to a product of Gaussian-Lorentzian functions after
subtraction of background noise. The concentration of each
element was calculated from the area of the corresponding
peak calibrated with the atomic sensitivity factor.

4. 3 Electrochemical measurements

For preparing a working electrode, a mixture of an active
material, carbon black and poly(tetrafluoroethylene) with a
weight ratio of 90:5:5 was ground together to form a
homogeneous slurry. The slurry was squeezed into a film and
then punched into pellets with a surface area of 1.0 cm? for each
piece. The punched pellets with a nickel foam on each side was
pressed under 6.0 MPa for 1.0 min and dried overnight at 120 °C.
Prior to the electrochemical tests, the electrodes
impregnated with electrolyte under vacuum for several hours.
The CV tests were conducted using Zahner Elektrik IM6e
electrochemical workstation in a three-electrode cell system, in
which a sintered Ni(OH),/NiOOH as the counter eclectrode, a
Ag/AgCl as the reference electrode and a 6.0 M KOH solution as
the electrolyte. A scan rate of 2, 5, 10, 20, 50, and 100 mV s was
applied respectively in the CV studies. The GC measurement was
conducted on automatic LAND battery test instrument
(CT2001A) to elvaluate the charge/discharge performance and a
current of 0.2 A g current was applied in GC studies.

The specific capacitance of a single electrode (C.e.) was
calculated from the CV curves based on the equation,

Coec= idt/dv

where i is the instant current in Amperes per gram of active
material and dv/dt is the scanning rate in Volts per second.

The specific capacitance of the cell (C) was calculated
from GC profiles based on the following equation,

Cear= (I0t)/0U

where I is the discharge current in Amperes per gram of
active material, (It is the discharge time in second, and [1U is the
voltage window from the end of the IR drop to the end of the
discharge process in Volts.
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