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Abstract Theobjective of this study wastocalculate theelec-
trical conductivity of the activated carbons obtained from var-
ious cellulose materials (sugarcane bagasse, rice straw, cot-
ton cloth and waste newspaper) by a two-stage process. The
DC conductivity was calculated by atwo-probe method. Scan-
ning electron microscopy and X-ray analysis confirmed the
surface morphology and formation of graphene multilayer, re-
spectively. The carbonization temperature has a distinct effect
on the electrochemical performances of the cellulose materi-
als. The activated carbon compressed at 750.12kPa offered
the highest electrical conductivity for all the other samples.
It may be due to the dense packing of the material, collapse of
the pores and decrease in air gap between the carbon particles
as well as a combination of multilayer graphene, which could
be the factors accountable for the increase in conductivity with
compression pressures. The conductivity increases with anin-
crease in the temperature. In addition, all the carbon samples
showed a good electrochemical property and the specific ca-
pacitance at the scan rate of 2-3mV/s.
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1 Introduction

Carbon has been known as an important element for more
than a century. Carbon can be represented in many forms. The
most distinguished forms of carbon include mainly diamond,
graphite and charcoal [1]. In the past decade, porous carbons
(PC), graphite, graphene and carbon nanotube have shown an
intense effect on various applications, due to their distinctive
properties, including mechanical, optical, electrical and elec-
trochemical characteristics [2]. Electrical transport proper-
ties of PC have been widely studied in the beginning of 1990s
for its potential applications in nanoelectronic devices [3].
However, most of the reports are focusing on their application
relied on the nano-microscale characteristics, but only few of
them have reported on their behaviour in macroscopic level.
One of the significant phenomena is to study the effect of elec-
trical conductivity on PC under different compression pres-
sures. Sanchez Gonzalez et al. reported that the conductivity
of PC increases with increase in compression pressure [2].

In general, increasing the compression pressure mechan-
ically reduces the voids between the carbon particles, which
on directly enhances the electrical contact. This may be cor-
related to the contact theory given by Mrozowski and Holm
[4,5], they proposed that the electrical conductivity of a car-
bon black depends on the separation distance between each
particle [6] and the average size [7]. It is well known that
the size, arrangement, density and shape of the materials in-
fluence their electrical properties and their potential appli-
cations [8,9]. Hence, the production of carbon materials of
a particular morphology is very significant for their various
applications. Recently, there has been an ever-increasing in-
terest in the preparation and processing of various nanostruc-
tured carbon materials proposed for prospective applications
in supercapacitors [10], field emission [11], catalyst support
[12] and solar energy conversion [13].
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Currently, lignocellulose materials comprise of forestry,
agricultural and agro-industrial wastes, which are easily
available and contain high-value materials. These lignocel-
lulose wastes are accumulated every year in large quanti-
ties [14]. These wastes are usually disposed by burning or
by deposition in landfills, which cause brutal environmental
harms, but conversion to higher-value products, such as, PC
would be preferable. The preparation of PC from wastes is an
example of how the high-value products are obtained from
low-cost materials, simultaneously giving solutions to the
problem of wastes materials [15—17]. Thus, the development
of processes for recycle of these wastes is of great concern.
These wastes are high in carbon contents and are very suit-
able for their use as raw materials in the preparation of PC.
Such wastes include a variety of materials, such as sugarcane
bagasse, switch grass, poplar trees, sawdust, brewer’s spent
grains, waste paper, stems, stalks, husks, leaves, shells and
peels from cereals such as rice, corn, wheat, sorghum and
barley, among others [18].

Preparation of PC involves mainly two steps. The first is
the carbonization of raw carbonaceous materials in an inert
atmosphere. Carbonization process is a phase to enrich the
carbon content in carbonaceous substance by eliminating the
non-carbon species, using thermal decomposition [19]. The
second step is the activation of the carbonized product, using
an activation agent. The objective of the activation process is
to develop the pore volume, increase the diameter of pores
and raise the porosity of activated carbon. During the first
stage of activation process, unorganized carbon is separated,
exposing the lignin to the action of activating agents and lead
to the growth of microporous structure [20].

In our present work, the effect of the volume density of the
compressed porous carbon on its electrical conductivity was
investigated. The conductivity of carbon samples was mea-
sured by a two-probe technique. Effect of activation temper-
ature on its conductivity was also reported. The temperature
could affect the bulk density as well as its electrical conduc-
tivity. XRD analysis has confirmed the formation of graphitic
carbon structure with lower crystallinity. The morphology of
the porous carbons was investigated by scanning electron
microscopy (SEM) studies. The obtained carbon shows ex-
cellent capacitance performance.

2 Materials and Methods
2.1 Preparation of Porous Carbons

The porous carbon was prepared in our laboratory by using
sugarcane bagasse (SC), rice straw (RS), waste newspaper
(WNP) and cotton cloth (CC) as the precursor materials by a
two-stage process: precarbonization and chemical activation.
In the precarbonization, the SC, RS and WNP carbons were
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heated at 400 °C at the rate of 5 °C per min for about 4 h and
cooled down to room temperature at the same rate, whereas
for CC, the cotton cloth was heated at 300 °C at the rate of
5 °C per min for about 3 h and cooled down to room tempera-
ture at the same rate. This is labelled as precarbonized carbon
(PCC). The PCC is subjected to a chemical activation for the
purpose of creating porous structure in the carbon matrix.
In the chemical activation process, 50 g of the PCC was agi-
tated with 250 g of aqueous solution containing 85 % H3PO4
by weight. The ratio of chemical activating agent/ PCC was
fixed as 4:2. The chemical activant and PCC were homoge-
neously mixed at 85 °C for 4 h. After mixing, the PCC slurry
was dried under vacuum at 110°C for 24h. The resulting
samples were then activated in a vertical cylindrical furnace
ata ?ow rate of 5 °C per min. This was followed by heating to
three different activation temperatures 600, 700 and 800 °C,
whereas for cotton cloth samples, 350, 400 and 450 °C at a
heating rate of 5 °C per min using a programmer and main-
tained at a constant temperature for 1 h before cooling. After
cooling, the activated carbons were washed successively with
hot water for several times, until the pH became neutral and
washed with cold water to remove the excess phosphorous
compounds. The washed samples were dried at 110 °C to get
the final product. The samples heated at three different ac-
tivation temperatures 600, 700 and 800 °C, and cotton cloth
samples at 350, 400 and 450 °C were labelled as SC 600, SC
700, SC 800, RS 600, RS 700, RS 800, WNP 600, WNP 700,
WNP 800, CC 350, CC 400 and CC 450, respectively.

2.2 Electrical Conductivity Studies

The DC electrical conductivity (o) was measured at room
temperature by a two-probe technique. A gram of porous
carbon was dried at 110 °C overnight was compressed in a
hollow Pyrex glass cylinder with an inner diameter of 11 mm
between two metal plungers at compression pressures rang-
ing from 9.63 to 750.12kPa. The top and the bottom of
the plungers are made of copper metal. This is connected
to a Keithly 614 electrometer to measure the DC electri-
cal conductivity of the samples. The compression pressures
throughout the measurements were maintained by placing the
carbon-loaded metal plungers inside a compression pressure
hydraulic press, Smin were allowed before measuring any
conductivity to avoid any transient effect of the sample re-
duction due to compression. The electrical conductivity was
calculated using the following formula [21].

L

o= (M

where L is the distance between the two pistons (cm), R, the
electrical resistance (2) and A, the area of the piston surface
(cm?).
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2.3 X-Ray Diffraction Studies

X-ray diffraction studies were performed using a Phillips X-
pert diffractometer for 26 values ranging from 10 to 80 °C
using Cu K, radiation at a wavelength of A = 1.540 A. The
other experimental conditions included 1/2° divergence slits,
a 5-s residence time at each step and intensity measurements
in counts.

2.4 Surface Morphological Studies

Surface morphological measurements were taken on the sam-
ples using a Leo-JEOL scanning electron microscope. The
carbon samples were coated with gold by a gold sputtering
device for a clear visibility of the surface morphology.

2.5 Nitrogen Isotherms

N, adsorption—desorption isotherms of the activated carbon
composites were measured using an automatic adsorption
instrument (Quantachrome Corp., Nova-1000 gas sorption
analyzer) for the determination of the surface area and the
total pore volume.

2.6 Electrochemical Measurements

Electrodes were prepared by mixing 95 wt% activated car-
bon with 5wt% polyvinylidenefluoride in ethanol to form a
paste, and the slurry was coated onto the stainless steel plate,
which serving as a current collector. The coated electrode
was dried at 75 °C in a drying oven for 1 h to remove the or-
ganic solvents remaining in the micropores of the electrode,
and then the electrode weight was measured to determine the
amount of carbon coated on the stainless steel sheet. The typ-
ical mass of electrode material was found to be 0.5 mg. The
electrochemical characterization of PCC, SC 600, SC 700,
SC 800, RS 600, RS 700, RS 800, WNP 600, WNP 700, WNP
800, CC 350, CC 400 and CC 450 performed using Auto-
lab model PGSTAT 302 N with three electrode systems. The
carbon coated on the stainless steel sheet, Ag/AgCl and plat-
inum wire was used as the working, reference and counter
electrode, respectively. Cyclic voltammetry (CV) of these
electrodes was performed in 1 M H>SO4 electrolyte.

2.7 Mechanism of EDLC Electrode Formation

An electrical capacitor (EDLC) consists of two porous po-
larizable electrodes. The energy-economy process in EDLC
is realized by means of the division of the charge on the two
electrodes with suitably large potential difference between
them. The electric charge of an EDLC is determined by its
capacitance. The electrochemical process in EDLC may be
represented as follows:

57
On the positive electrode:
Eq+ A~ < EfJ/A” +e )
On the negative electrode:
Eq+K'+ e < E;//K" 3)
The overall reaction is
Es+ B+ KT+ A~ < E;//K"+ Ef// A 4)

where Ej; is the electrode surface area; // electrical double
layer (EDL), where the charge is stored on its either side; K+t
and A~ cations and anions of the electrolyte, respectively.

In charging process, electrons are transferred from the
positive electrode to the negative electrode through an ex-
ternal current source and ions from the volume of electrolyte
move towards the electrodes. During discharging process,
electrons shift from the negative electrode to the positive
electrode through a load and ions return from the surface
into the volume of electrolyte. Hence, during both charging
and discharging process, the charge density at the interface
and the electrolyte concentration alters. Theoretical notions
concerning the specific (per unit true surface area of elec-
trode) capacitance of EDL are based on the classic theories
of EDL elaborated by Helmholtz, Stern, Gouy, Chapman,
Grahame and others [22-24].

3 Results and Discussion
3.1 Electrical Conductivity Studies

Figure 1a—d shows the variation of the electrical conductiv-
ity (o) of (a) sugarcane bagasse, (b) rice straw, (c) cotton
cloth and (d) waste newspaper at 298 K (25 °C). The electri-
cal conductivity of the activated carbon mainly depends on
the measurement conditions. During the thermal treatment,
the cellulose component of all the samples gets converted
into carbon, whereas the pores are created as an effect of the
release of volatile decomposition products. Submitting the
carbon powder to pressure allows in raising the conductive
phase relative volumetric fraction, and as a result, both the
average number of contacts and the apparent electrical con-
ductivity increase [31,32]. It is clear from Table 1 that the
electrical conductivity at 9.63 kPa is low, signifying that the
applied pressure is not sufficient to compress the pores or the
air gap between the carbon particles. Hence, inter-particle
electronic conduction becomes complicated. But the electri-
cal conductivity is increased by threefold at 750.12kPa as
shown in Table 2. This is mainly due to the easy movement
of the electrons from one particle to another facilitated by
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Fig. 1 Effect of compression pressure treatment on the electrical conductivity of the a SC, b RS, ¢ CC and d WNP carbon samples

the removal of the air gap of the carbon by applying high
pressure of compression. Thus, the electrical conductivity of
the sample is supposed to be controlled by the compression
pressure. In all the cases, the value of o increases gradually
with the compression exerted by the loadings. Higher density
of carbon samples leads to higher electrical conductivity, be-
cause the probability for the electrons to move across them
was high [25].

According to the contact theory proposed by Mrozowski
and Holm [5], o depends on the distance between the par-
ticles as well as their average size [9,26]. When pressure is
applied, the aggregates are forced to be in a more intense
packing arrangement, creating closer along with new con-
tacts with neighbouring aggregates, as a result, the conduc-
tivity increasing. Although, pressure plays an important ef-
fect on o, but it is not the only factor that changes its value.
The morphology of the samples also shows an enormous ef-
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fect on the electrical conductivity [27,28]. In case of PCC,
the particles are irregular in shape and larger in compari-
son with the spherical particles of activation temperature as
shown in Fig. 3a-h. It clearly shows that as the particle size
increases, o value and conductivity also steadily increases.
Other properties of carbons, for instance the change in vol-
ume and density, due to compression, may also influence the
value of o [14].

Among sugarcane bagasse (a), rice straw (b), cotton cloth
(c) and waste newspaper (d), the porous carbons having the
highest conductivity are those prepared by using cotton cloth
carbon as the precursor material. In cotton cloth, as the acti-
vation temperature increases, the electron could transfer all
the way through the energy the barriers of the intersections
easily and the conductivity increased to a great extent with the
increase in activation temperature. As the conductivity val-
ues obtained for the cotton cloth carbon is relatively much
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Table 1 Room temperature conductivities at a pressure of 9.63 kPa for different carbons
S. no. Sugarcane bagasse Rice straw Waste newspaper Cotton cloth
Sample Room Sample Room Sample Room Sample Room
temperature temperature temperature temperature
conductivity conductivity conductivity conductivity
@1 em™ Q1 em™ (€' em™) @' em™)
1 PCC 1.47 x 1077 PCC 1.33 x 1077 PCC 533 x 10712 PCC 4.22 x 1077
2 SC 600 1.90 x 1074 RS 600 1.53 x 1073 WNP 600  9.44 x 107! CC350  4.58x 107
3 SC 700 2.50 x 1073 RS700 2.20 x 1074 WNP 700 2.20 x 1079 CC 400 1.78 x 1073
4 SC 800 10.22 x 1073 RS 800 1.20 x 1073 WNP 800  2.83 x 1073 CC 450 1.22 x 107!
Table 2 Room temperature conductivities at a pressure of 750.01 kPa for different carbons
S. no. Sugarcane bagasse Rice straw Waste newspaper Cotton cloth
Sample Room Sample Room Sample Room Sample Room
temperature temperature temperature temperature
conductivity conductivity conductivity conductivity
@ em™ Q1 em™ @' em™) @' em™
1 PCC 1.57 x 107* PCC 1.93 x 1073 PCC 1.33 x 1078 PCC 2.01 x 107
2 SC600  18.90 x 107* RS600  16.10 x 1073 WNP600  3.15 x 1077 CC350  4.12x1072
3 SC 700 6.40 x 1073 RS700 6.10 x 10~ WNP 700 1.10 x 1074 CC 400 1.42 x 107!
4 SC800  25.13x 1073 RS 800  10.16 x 1073 WNP 800  5.86 x 1072 CC450  4.06 x 10710
# Graphite higher, when compared to other carbons, the contribution to
9 B Cristobalite electrical conductivity in the composite is fully supposed to
. ) be due to the carbon matrix. This effect of temperature may
@ Tridymite .. ..
RS 600 come from graphitic structure, because the graphitic struc-
— ture can be developed at higher temperature and transport
Y higher conductivity [27].
= | scemo - 3.2 X-Ray Diffraction Studies
<
S Figure 2 shows the X-ray diffraction pattern of SC, RS, WNP
,f? WNP 600 and CC carbon prepared before and after H3PO4 treatment.
‘5 The X-ray diffraction technique gives valuable information
] about the distribution of the active metal in the pore structure
E of the carbon support used in this study. The internal structure
— of the carbon matrix is considered to be the most important
g factor [29].
Both SC and RS consist of lignin, cellulose, hemicellu-
loses, ash content and volatile matters; however, RS contains
T = an ash content of about 18.2 % (mainly silica), in an aver-
= CC 400 age, which is comparatively higher in comparison with other
agricultural waste materials. RS is low in lignin along with
high Si and K [30-32], which gives rise to a high content of
2 1 = N N SiO;. The peaks corresponding to 20 = 23.18° show that
10 20 20 40 the carbon can be regarded as a graphitized carbon. The peak
observed at 24° corresponds to tridymite [33]. In addition, a
2 Theta (degree) sharp peak was observed at 26 = 26° and a very small one at

Fig. 2 X-ray diffraction pattern of SC 600, RS 600, CC 400 and WNP
600

26 = 43° representing the formation of (002) and (1 00/1 0
1) planes corresponding to the graphitic structure. This shows
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Fig. 3 SEM images of a SC
PCC, b SC 600, C RS PCC,
d RS 600, e WNP PCC,

f WNP 600, g CC PCC and
h CC 400

5 00kV 10 7mm x50 SE

the development of atomic order and increase in crystallite
size, which was accelerated by increasing the activation tem-
perature. As the temperature varies from 600 to 800°C, the
peak becomes sharper and stronger, hence, indicating a better
crystallization and increase in the crystallize size. The acid

treatment along with activation temperature employed was
responsible for the growth of crystalline structures.

Figure 2 shows the X-ray diffraction profiles of WNP car-
bon. The strong C (0 0 2) peak shows the graphitic carbon
at 20 (Cu K,) of 23.1°, due to the hexagonal graphite struc-
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ture, representing the turbostratic carbon structure through
randomly oriented graphitic carbon layers [34]. In addition,
peak around 43° may be due to the (1 0) bidimentional planes
[35]. Thus, these results showed that all the carbon materials
have a certain degree of graphitic structure, along with the
decrease in the peak intensity, which indicates the amorphous
state of the material. For cotton cloth, fibres were arranged in
a systematic approach or lattice, although cotton cloth fab-
rics can be differentiated with their crystallinity. As reported
in literature, unit cell of the CC is monoclinic with three
principal places of reflection shown as (0 0 2), (1 0 1) and
(1 0 1) [36]. Here also three peaks are found for cotton as
shown (101)at26 =15°,(101)at26 = 16.4°and (00 2)
at 260 = 22.7°. All the above findings showed the formation
of more stable graphitic carbon at higher temperature along
with longer residence times.

3.3 SEM Studies

Figure 3a—d shows the SEM images of the SC and RS car-
bons before and after phosphoric acid activation. The surface
morphology of PCC in Fig. 3a—c shows no formation of pores
and confirms that only the lignocellulose portions present in
SC and RS were changed to the carbon structures. The im-
age also proves that only the carbonization has taken place.
The sample activated at 600 °C showed better results, when
compared with those activated at the other higher activation
temperatures. The surface morphology was studied only for
SC 600 and RS 600 sample alone, because of its high surface
area. The SEM images of SC 600 and RS 600 are shown in
Fig. 3b—d. The activation agents and activation temperature
employed have created the pores on carbon surface. It has
been made very clear that the opening of the pores in the
surface at 600 °C have to be due to the extraction of some
materials, e.g. dissolution of lignins and other mineral com-
ponents from the straw and bagasse during the impregnation
process, so as to create, upon activation, micro- and meso-
pores in the carbon along with silica components. As a result
of the creation of pores, there is an increase in both the sur-
face area as well as the pore volume, which are stably created
in the carbon composite [37].

Figure 3e shows the SEM image of PCC, which shows
no pores and confirms that only kaolinite, talc and cellulose
portions present in WNP were converted to the carbon struc-
tures [37]. The image also shows that only the carboniza-
tions have taken place. It is clear that due to some partial
defects, large amount of silica has been etched away dur-
ing the carbonization process. The surface morphology was
studied only for the sample WNP 600 (Fig. 3f). In this im-
age, porous structures with many cavities were observed.
This cavity may be attributed due to the evaporation of the
activating agent, which leaves space during carbonization, as
well as the successive removal of untreated H3PO,4 by wash-

ing with water [38]. From the Fig. 3f, hierarchical pores can
be clearly identified. It clearly shows that the pores are more
uniformly distributed, compact and there is a good network
of interconnected pores in the mesoporous range. WNP 600
has a well-developed interconnected hierarchical pore sys-
tem contain both micropores and mesopores.

Figure 3g, h shows the SEM image of PCC and CC 450.
It shows the original morphology and fibres integrity of the
precursors. However, the CC 450 presented certain reduction
due to the carbonization process, as could be inferred from
the relative reduction in fibre’s diameter. It was postulated
that extensive H3POy activation changes the nature of the
carbon substrate drastically in the amorphous portions that
are shattered to give a large pore volume, while the pore en-
trances become organized graphitic regions. Water molecules
apparently can go through more easily into the pore system,
because of the precise hydrogen-bonding interactions [39].

3.4 Adsorption/Desorption Isotherms

Nitrogen adsorption analysis at 77 K was carried out to exam-
ine the changes in the specific surface area and pore texture
of the PCC and ACC of the cellulose carbons followed by
phosphoric acid treatment under different conditions. Table 3
summarizes the textural properties of SC 600, RS 600 WNP
800 and CC 400, having the highest surface area among the
other samples, for which meso- and microporous surface ar-
eas are comparable. The BET surface area of the SC 600
and RS 600 increases with increase in the activation tem-
perature. This may be attributed to the creation of slit or
cylindrical pores covering both the microporous and meso-
porous ranges and shall be attributed to the pores generated
on both carbon and silica components. The decrease in the
surface area for SC 700, SC 800, RS 700 and RS 800 com-
pared to SC 600 and RS 600 could be due to the pore con-
traction or the activation agents probably deposited in the
inner pores and voids of the carbon matrix. Activation of the
sugarcane bagasse (SC) and rice straw (RS) carbon by phos-
phoric acid was generally more effective for introducing the
mesopores in the pore width range of 3-8 nm. Phosphoric
acid can enter into the interior of the SC carbon structure and
freely facilitate the activation [40]. As a result, SC-activated
carbon exhibited the larger mesopores carbon with a larger
average pore diameter than RS activated carbon as shown
in Table 3. Furthermore, increasing the activation tempera-
ture decreases the BET surface area. The mechanism is the
blocking of pores by the ashes. At low activation tempera-
ture, the ashes are in the form of fine, well- dispersed parti-
cles that tend together at higher activation temperatures. With
such a mechanism, more porosity is blocked at high activa-
tion temperature, thereby explaining why the surface area of
the carbon decreases faster with increasing temperature as
reported by Fierro et al. [41]. After the activation process,
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Table 3 Surface properties of

the cellulose carbons Sample Surface Total pore volume  Micro-pore surface Meso-pore surface  Average pore
area (m2 /g) (cm3 /2) area (m2 /g) area (m2 /g) diameter (nm)

PCC (SO) 169.60 0.246 129.84 39.75 2.9

PCC (RS) 135.06 0.196 96.04 37.13 2.7

PCC (WNP) 336.09 1.088 293.01 40.07 1.9

PCC (CC) 581.34 0.518 522.07 59.23 1.2

SC 600 676.95 0.424 620.21 56.73 1.2

RS 600 376.65 0.324 330.19 46.03 1.0

WNP 800  1,104.08 1.258 563.71 503.39 1.2

CC 400 1,193.17 1.279 573.89 579.8 0.9
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Fig. 4 Cyclic voltammogram of a SC 600, b RS 600, ¢ CC 400 and d WNP 600 carbon samples at a scan rate of 2-3mV/s using H,SOy4 as an

electrolyte

the mesopore size distributions of the RS and SC increased
gradually; on the other hand, their mesopore volumes de-
creased significantly. The decrease in the mesopore volumes
occurred because mesopores can provide more reaction sites
with phosphoric acid, which results in the severe collapse of
mesopore volume [42]. The phosphoric acid activation in-
duces the chemical and structural alterations of the different
constituent biopolymers of the precursors, namely cellulose,
hemicellulose, and lignin, leading to the development of ex-
tensive porous structures.

For WNP 800 and CC 400, meso- and microporous surface
areas are comparable. Itis clear that WNP 800 and CC 400 ex-
hibited a higher specific surface area and larger average pore

@ Springer

size, as well as a larger pore volume than other samples. The
reason for this is that the addition of the activating agent might
cause a partial structural collapse and dissolution of the inor-
ganic impurities, which are adverse for reducing the surface
area and dissolving the non-carbons at lower temperatures. In
all cases, thermal treatment of the acid-impregnated samples
resulted in a decrease in the carbon content with respect to the
raw precursors employed (Table 1). This effect could be as-
sociated with the cross-linking and aromatization reactions
proceeding during the thermal treatment [43]. In addition,
hydrolysis of polyester upon acid impregnation leading to
a higher release of volatile compounds and fibre breakage,
during the thermal treatment stage. The effect of activation
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temperature may be explained using the mechanism of phos-
phoric acid activation [44]. Phosphoric acid acts as catalyst
on the one hand promoting bond cleavage reactions, on the
other hand facilitating cross-linking via cyclization, conden-
sation, and forming phosphate and polyphosphate linkages.
After the removal by washing, polyphosphates leave a space
called pores. When activation temperature is increased by
900 and 500 °C, pore walls may thin to the point of disappear-
ance causing BET surface area and pore volumes to decrease
(Table 3). The deterioration of the porous structure is most
probably due to the destruction of wall between adjacent mi-
cropores by reaction with phosphoric acid. The phosphoric
acid decreases the formation of tars by catalyzing the alky-
lation of aromatic structures and oligomerization of alkenes
and thus increasing the formation of a rigid cross-linked solid
[44]. When the activation temperature is increased by 900
and 500 °C, the less amount off-gases are evolved and con-
sequently the destruction of micropores was obtained. Thus,
activation mechanism can be visualized as an interaction be-
tween the activating agent and the carbon atoms, which form
the structure of the intermediate carbonized product resulting
in useful large internal surface area with interconnected pores
of desired dimension and surface chemical groups. These
observations made clear that the activating agents at lower
temperatures may contribute to pore drilling as well as pore
widening effects, whereas at higher temperatures, the pore
widening effects predominates the pore drilling forces [45].

3.5 Capacitor Performances

The effect of heat treatment on the electrochemical perfor-
mance mainly depends on the temperature at which the mate-
rial has been prepared in addition to the textural and chemical
properties of the resulting carbon. The capacitors based on
activated carbons 600-800 and also for cotton cloth 300-
450 show the regular box-like voltammograms, with a steep
current change at the switching potential and characteristic
behaviour of an ideal capacitor. The rectangular shape is well
conserved over a scan rate of 2-3 mV/s, which indicates the
quick charge transmission. The heat treatment produces ma-
jor changes in the electrical conductivity, considered by an
important jump between 600 and 700 °C and followed by a
further increase up to 800 °C.

Earlier investigations [46—48] shown that a conversion be-
tween an insulating and a conducting state usually occurs
when carbon materials are heated around 600-700 °C, where
as in the case of cloth fibre, it is 300-400°C. Among sug-
arcane bagasse (4 a), rice straw (4 b), cotton cloth (4 c) and
waste newspaper (4 d), cotton cloth (4 c) fibre shows the
maximum conductivity, because of its high fibre content. The
elimination of strong electron-withdrawing heteroatoms (pri-
marily acidic functionalities) from the carbon surface favours
the electron delocalization, and the electrical conductivity is

Table 4 Sample code, surface area and their specific capacitance of
cellulose carbons

Sample Surface area Specific
(m? /g) capacitance (F/g)
PCC (SC) 169.60 92
PCC (RS) 135.06 56
PCC (WNP) 336.09 105
PCC (CC) 581.34 130
SC 600 676.95 340
RS 600 376.65 112
WNP 800 1,104.08 380
CC 400 1,193.17 400

remarkably improved. In case of CC, the conductivity in-
creases rapidly by at least three orders of degree by heating
at 400 °C. Above 400 °C, the much slower increase of the
electrical conductivity is maybe related to the development
in the structural order by thermal annealing of the pseudo-
graphitic carbonaceous layers [46—48] before to the loss of
further surface groups.

The total capacitance of the prepared carbons was calcu-
lated directly from the current—voltage curves as given below.

C -1\ ([ Al 5
_(ZU-m)_(Qv-m) )

where C is specific capacitance (F/g), m, mass of the WNP
carbon powder, v, potential scanrate (V/s), I, and I, the aver-
age anodic and cathodic currents, respectively. To determine
the capacitance as a function of potential, A I values were
obtained at different potentials. The specific capacitance of
the SC carbon electrodes be in the range 92-340 F/g, for RS,
it was found to be 56-112F/g, for WNP carbon electrodes
is in the range of 105-380F/g, whereas for CC electrodes,
it was found to be 130-400F/g at scan rates of 2-3mV/s
(Fig. 4).

Table 4 shows the BET surface area and their specific
capacitance of the as prepared cellulose carbon materials.
Generally, the specific capacitance of the carbon electrode
will increase with increase in surface area of the carbon,
and hence, higher surface area of SC 600 (676.95 m? /2),
RS 600 (396.03 m?/g), WNP 800 (1,104.08 m?/g) and CC
400 (1,193.17 m?/g) gives capacitance of 340, 112, 380 and
400F/g. The presence of macropores will also be a reason
for the transportation of the electrolyte ions to the bulk ma-
terials. It is suggested that the ions can occupy some of the
pores in the electrode to take part in the double-layer forma-
tion. As the scan rate increases, the square potential becomes
gradually depressed because the ions transport into the pores
more readily in lower scan rate than in higher. It was reported
that the functional groups could increase the wettability of
the electrode. Thus, the specific capacitance increases with
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Fig. 5 Galvanostatic
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Table S Cellulose materials from various agricultural residues used to prepare activated carbon for capacitor application [49]

S. no. Biomass material Activating agent Electrolyte Surface area (m”/g) Specific capacitance (F/g)
1 Rice Husk NaOH KCl 1,886 210
2 Wheat straw KOH MeEt3;NBF4/CH3CN 2,316 25
3 Banana fiber ZnCly NaySOq4 686 74
4 Sunflower KOH KOH 1,371 311
5 Sorghum pitch NaOH H,SO04 17 220

increase in BET surface area of the carbon electrode. The
galvanostatic charge—discharge behaviour is studied for SC
600, RS 600, WNP 800 and CC 400 alone. Figure Sa—d shows
the ultrafast charge—discharge rate and linear dependence on
voltage as well as time with a very small voltage drop. These
results indicate that the SC 600, RS 600, WNP 800 and CC
400 used in the present work exhibit exceptional superca-
pacitor performance than the reported (Table 5). Thus, these
results obviously indicate the ideal double-layer behaviour
and the excellent supercapacitor performance of cellulose
materials as an electrode material for energy storage devices
[37].

4 Conclusions

The electron transport properties of cellulose materials were
studied in detail along with their microstructure. The pres-
ence of the graphitic layer has been confirmed from the X-
ray diffraction pattern. It was found that the chemical acti-
vation at 600, 800 and 400 °C is the optimum to produce a

@ Springer

high porous carbon and is confirmed by SEM analysis. The
gradual development of the electrochemical performances
of carbon-based capacitors at high current densities, subse-
quent heat treatments up to 800 °C is mainly due to the effect
of simultaneous increase in conductivity. These properties
possibly enable these cellulosic wastes to act as a source of
carbonaceous materials for the development of ideal high-
performance supercapacitors.
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