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Abstract−We compared the relationship of the behavior and performance of sugarcane baggase and rice straw as

supercapacitor electrodes. X-ray diffraction revealed the evolution of crystallites of carbon and silica during activation at

higher temperature. The morphology of the carbon samples was determined by SEM. The surface area, pore volume,

and pore size distribution of carbon composites were measured. The electrochemical responses were studied by using

cyclic voltammetry experiment at 25 oC in a three-electrode configuration. The specific capacitance of the sugarcane

bagasse carbon electrodes was in the range 92-340 F/g, whereas for rice straw, it was found to be 56-112 F/g at scan

rates of 2-3 mV/s. The sugarcane bagasse carbon exhibited better performance than rice straw carbon using H2SO4 as

the electrolyte. However, the results clearly show that lignocellulosic wastes possess a new biomass source of carbon-

aceous materials for high-performance supercapacitors.
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INTRODUCTION

The current energy crisis necessitates a search for novel renew-

able and clean energy power sources. One of the regnant alterna-

tive sources of electric power is the supercapacitor. The new high

current supercapacitor technology has been developed to supply or

to absorb high transient energy. Usually, this kind of supercapacitor

is also known as electrochemical capacitor, which electrochemically

stores energy with unique properties, such as high power, long cycle

life, and fast charge/discharge rates [1,2]. Generally, conducting poly-

mers, metal oxides, and porous materials such as porous carbon,

carbon aerogels and carbon nanotubes have been used as an elec-

trode material for supercapacitors. Porous carbon (PC) is advanta-

geous among all other possible electrode materials, because of its

high surface area and porosity, good thermal and electrical conduc-

tivity, good anti-causticity, high stability, low cost and commercial-

scale availability [3,4].

Porous carbon (PC) electrodes can be produced from various bio-

mass precursors (wood, fruit shells, stones and bunches) and some

fossil-fuel based precursors (petroleum and coal). Agricultural wastes

are considered to be an important feedstock for preparing porous

carbon (PC), among all other materials. India is the second largest

producer of sugarcane after Brazil. As per the available statistics,

the current sugarcane production and productivity in India are 350

million tones and 66.9 tons per hectare, respectively, and the entire

crop in India is used for sugar production. Each ton of milled sugar-

cane gives 180-280 kg of bagasse residues [5].

Rice is the second world’s largest cereal crop after wheat which
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produces large amount of straw residues of about 330 million metric

tones [6]. Thus, we made an attempt to prepare porous carbon (PC)

from two different agricultural residues for comparative investiga-

tion of their properties. Among the various activation agents such

as ZnCl2, H3PO4, KOH and K2CO3 or their mixtures [7-9], phos-

phoric acid is a well known reagent for the preparation of porous

carbons, which has many advantages such as non-contaminating

nature [10], and highly polar character in order to control the physi-

cal and chemical interactions occurring in the bulk of the solution.

To the best of our knowledge, only few reports [11-13] exist on

the preparation of porous carbon from sugarcane bagasse and rice

straw based carbon for the preparation of EDLCs. Our objective is

to investigate the relationship between the behavior and the perfor-

mance of sugarcane baggase and rice straw based carbon as super-

capacitor electrodes. From the results, it is found that the sugarcane

baggase carbon is an efficient electrode material for supercapacitors

than the rice straw carbon. In the present study, we investigated the

structural, morphological and electrochemical properties of porous

carbon. The as-prepared porous carbon was labeled as SC (sugar-

cane bagasse) and RS (rice straw) for comparative investigation.

EXPERIMENTAL

1. Materials

Porous carbons were prepared in the laboratory using sugarcane

baggase and rice straw as the precursor material by a two-stage pro-

cess: precarbonization and chemical activation. In the precarbon-

ization process, the sugarcane baggase and rice straw were heated

at 400 oC at the rate of 5 oC min−1 for about 4 h and cooled to room

temperature at the same rate. This is labeled as precarbonized carbon

(PCC). The precarbonized carbon is subjected to the chemical acti-

vation for the purpose of creating porous structure in the carbon

matrix. In the chemical activation process, 50 g of the precarbon-

ized carbon was agitated with 250 g of aqueous solution contain-

ing 85% H3PO4 by weight. The ratio of chemical activating agent/

precarbonized carbon was fixed at 4.2. The chemical activant and

precarbonized carbon was homogeneously mixed at 85 oC for 4 h.

After mixing, the precarbonized carbon slurry was dried under vac-

uum at 110 oC for 24 h. The resulting samples were then activated

heating at three different temperatures 600, 700 and 800 oC, at a

heating rate of 5 oC min−1 using a programmer and maintained at

that particular temperature for 1 h, before cooling. After cooling,

the porous carbon was washed successively with hot water several

times, until the pH became neutral, and successively with cold water

to remove the excess phosphorous compounds. The washed samples

were dried at 110 oC to get the final product. The samples activated

at 600, 700 and 800 oC were labeled as SC 600, SC 700, SC 800,

RS 600, RS 700 and RS 800, respectively.

2. X-ray Diffraction Studies

X-ray diffraction studies were performed using a Phillips X-pert

diffractometer for 2θ values ranging from 10 to 80o using CuKα

radiation at a wavelength of λ=1.540 oA. The other experimental

conditions included ½o divergence slits, a 5-s residence time at each

step and intensity measurements in counts.

3. N2 Adsorption - Desorption

N2 adsorption - desorption isotherms of the porous carbons 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 volumes. Prior to measurement,

the carbon samples were degassed at 150 oC overnight. The nitro-

gen adsorption-desorption data were recorded at liquid nitrogen tem-

perature, 77 K. The surface areas were calculated using the BET

equation, which is the most widely used model for determining the

specific surface area. In addition, the t-plot method [14] was applied

to calculate the micropore volume and external surface area (meso-

porous surface area). The total pore volume was estimated to be

the liquid volume of adsorbate at a relative pressure of 0.99. All

surface area measurements were calculated from the nitrogen adsorp-

tion isotherms by assuming the area of the nitrogen molecule to be

0.162 nm [15]. 

4. Surface Morphology

Surface morphologies of the samples were observed using Leo-

JEOL scanning electron microscope. The carbon composite samples

were coated with gold by a gold sputtering device for clear visibil-

ity of the surface morphology.

5. Electrochemical Measurements

Electrodes were prepared by mixing 95 wt% porous carbon and

5 wt% polyvinylidenefluoride in ethanol to form a paste, and then

the slurry was then coated onto stainless steel plate, which served

as a current collector. The coated electrode was dried at 70 oC in an

oven for 2 h to remove the organic solvents, and then the electrode

weight was measured to determine the amount of carbon coated

on the stainless steel plate. The typical mass of electrode material

was 0.5 mg. The electrochemical characterization of SC and RS

was performed using Autolab model PGSTAT 302 N, with a three

electrode system. The carbon coated on the stainless steel plate, Ag/

AgCl and platinum wire was used as the working, reference and

counter electrode, respectively. Cyclic voltammetry (CV) of these

electrodes was performed in 1 M H2SO4 electrolyte.

RESULTS AND DISCUSSION

1. X-ray Diffraction Studies

The X-ray diffraction technique provides valuable information

about the distribution of the active metal in the pore structure of the

carbon support used in this study. The internal structure of the carbon

is considered to be the most important factor [16]. Fig. 1(a), (b) shows

the X-ray diffraction pattern of SC and RS carbon prepared before

and after H3PO4 treatment. Both SC and RS consist of cellulose,

lignin, hemicelluloses, ash content and volatile matters, but RS con-

tains an ash content of 18.2% (mainly silica), in an average, which

is relatively higher in comparison to other agricultural waste mate-

rials. RS is low in lignin and high in Si and K [17-19], which gives

rise to a high content of SiO2. The peaks corresponding to 2θ=23.18o

indicate that the carbon can be regarded as a partly graphitized car-

bon, as shown in the Fig. 1(a), (b). The peak observed at 24o cor-

responds to tridymite [20]. In addition, a sharp peak was observed

at 2θ=26o and a very small one at 2θ=43o indicating the forma-

tion of (002) and (100/101) planes corresponding to the graphitic

structure. This indicates the development of atomic order and crys-

tallite size in the increasingly carbonized carbon, which was accel-

erated by the increasing charring temperature. As the temperature

increases from 600-800 oC, the peak becomes sharper and stronger,

thus indicating a better crystallization and increase in the crystallize
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size. The acid-treatment and activation temperature employed were

responsible for the growth of crystalline structures.

The above results suggest that the process for the preparation of

porous carbons adopted could produce carbons with sp2 and sp3 char-

acters in addition to the silica counter parts. Hence, compared to

RS, SC reveals high graphitic planes with less silica content. As

SiO2 is well known as an insulator, the conduction property of RS

carbon is very low when compared with SC carbon. All the above

findings confirmed the formation of more stable graphitic carbon

at higher temperature with longer residence times. The temperature

employed for the activation of the precursor material can be cited

as the reason for the formation of the small graphitic structures and

for the crystallization of silica.

2. Nitrogen Adsorption-desorption Isotherms

The specific surface area and porosity of the carbon samples were

determined by N2 adsorption-desorption isotherms, as shown in Fig.

2(a), (b). These isotherms exhibit characteristics of typical Type-I

isotherm according to IUPAC classification, with a well-defined

plateau pointing to microporous structures, as the adsorption and

desorption remain nearly horizontal and parallel over a wide range

of relative pressures, which is the characteristic behavior of micro-

porous materials. The appearance of a round knee at relative pressure

(0.05<P/P
o
<0.15) shows the formation of monolayer and also the

gradual filling of the wider micropores. The rapid vertical rise near

P/P0=1 can be identified as ‘cold spots’ in the apparatus (which lead

to bulk condensation of the gas and a false measure of adsorption

in the volumetric method) [21]. The surface area parameters like

BET surface area, micro and mesopore surface area, total pore vol-

ume, micro and mesopore volume and average pore diameter for

both SC and RS are given in Table 1.

According to the definition by IUPAC, the adsorbent pores were

classified into three groups: micropore (diameter <2 nm), meso-

pore (2-50 nm), and macropore (>50 nm). In general, micropores

account for over 95% of the total surface area of common acti-

vated carbons [22]. The specific surface area was calculated using

BET model (Table 1). The BET surface area of the precarbonized

carbon of SC and RS had a low value of 169.60 m2/g and 135.06

m2/g, respectively. This value indicates that without the addition of

suitable activation agents, it is not possible to release the bound volatile

components present in the carbon matrix. The purpose of precar-

bonization was only to convert the lignocellulose components in

the precursor into a rigid carbon structure. However, the results of

the surface area parameters increased after the addition of activa-

tion agents employed at different activation temperatures.

The BET surface area of the SC 600 and RS 600 was increased

to 676.95 m2/g and 396.03 m2/g with increase in the activation tem-

perature. This may be attributed to the creation of slit or cylindrical

pores covering both the microporous and mesoporous ranges, and

shall be attributed to the pores generated on both carbon and silica

components. The decrease in the surface area for SC 700 (592.46

m2/g), RS 700 (343.89 m2/g) and SC 800 (459.41 m2/g), RS 800

(339.62 m2/g) compared to SC 600 and RS 600 could be due to the

pore contraction 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 phosphoric acid was generally more effective for intro-

ducing the mesopores in the pore-width range of 3-8 nm. Phospho-

ric acid can enter into the interior of the SC carbon structure and

Fig. 1. (a) X-ray diffraction curves of (a) precarbonized carbon, (b) SC 600, (c) SC 700 and (d) SC 800 carbons. (b) X-ray diffraction
curves of (a) precarbonized carbon, (b) RS 600, (c) RS 700 and (d) RS 800 carbons.
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Fig. 2. (a) Adsorption-desorption isotherms of activated carbons PCC, SC 600, SC 700 and SC 800. (b) Adsorption-desorption isotherms
of activated carbons PCC, RS 600, RS 700 and RS 800.

Table 1. Sample code, surface area, pore volume, average pore diameter, and production yield of sugarcane cane and rice straw derived
carbon

Sample
SBET

a

(m2/g)

Smic
b

(m2/g)

Smeso
c

(m2/g)

VTotal
d

(cm3/g)

VMicro
e

(cm3/g)

VMeso
f

(cm3/g)

VMicro/V Total
%

VMeso/ VTotal

%

Dp
g

nm

Production yield

of carbon (%)

PCC (SC)

PCC (RS)

SC 600

RS 600

SC 700

RS 700

SC 800

RS 800

169.60

135.06

676.95

376.65

666.87

366.57

549.78

349.98

129.84

096.04

620.21

330.19

592.46

312.46

459.41

279.41

39.75

37.13

56.73

46.03

74.40

54.40

90.36

70.36

0.246

0.196

0.424

0.324

0.387

0.287

0.338

0.238

0.052

0.042

0.254 

0.196

0.232

0.175

0.192

0.152

0.194

0.154

0.170

0.120

0.154

0.112

0.146

0.086

21.1

21.4

69.9

60.4

60.1

52.4

56.8

43.8

78.8

78.5

40.2

37.2

39.8

30.7

33.2

26.1

2.9

2.7

1.2

1.0

1.4

1.2

1.0

0.9

53.00

70.79

45.66

65.09

39.79

55.89

35.39

45.46

aBET surface area
bMicropore surface area
cMesopore surface area
dTotal pore volume
eMicropore volume
fMesopore volume
gAverage pore diameter
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freely facilitate the activation [23]. 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 1. Further-

more, increasing the activation temperature decreases the BET sur-

face area, as observed in Fig. 2(a), (b). The mechanism is the block-

ing of pores by the ashes. At low activation temperature, the ashes

are in the form of fine, well dispersed particles that tend together at

higher activation temperatures. With such a mechanism, more poros-

ity is blocked at high activation temperature, thereby explaining why

the surface area of the carbon decreases faster with increasing tem-

perature as reported by Fierro et al. [24].

Fig. 2(a), (b) clearly shows an increase of relative pressure (0.8)

in the adsorption branch of SC carbon and a hysteresis loop at P/

P0=0.80-0.99 with a pronounced desorption step, demonstrating

the mesoporous adsorption of the carbon sphere, indicating that the

mesopore increases as the temperature increases. The reason is that

the action of phosphoric acid on SC carbon thus essentially leads

to the mesoporous activated carbons, because, micro-pores would be

burnt off as a result of the high preparation temperature. This is be-

cause the small pores inside the carbon walls were gradually destroyed

with increasing the temperature as observed by Chunzhong Li et

al. [25].

After the activation process, the mesopore size distributions of

the RS and SC increased gradually; on the other hand, their mesopore

volumes decreased significantly. The decrease in the mesopore vol-

umes occurred because mesopores can provide more reaction sites

with phosphoric acid, which results in the severe collapse of meso-

pore volume [26]. The phosphoric acid activation induces the chemi-

cal and structural alterations of the different constituent biopolymers

of the precursors, namely, cellulose, hemicellulose, and lignin, lead-

ing to the development of extensive porous structures. The above

observation indicates that the activating agents at lower tempera-

tures contribute to pore drilling and pore widening effects, while at

higher temperatures, the pore contraction dominates the pore drill-

ing forces [27].

3. SEM Studies

Fig. 3(a)-(d) shows the SEM images of the SC and RS carbons

before and after phosphoric acid activation. The surface morphology

of PCC in Fig. 3(a), (c) shows no generation of pores and confirms

that only the lignocellulose portions present in SC and RS were con-

verted to carbon structures. The image also reveals that only the

carbonization has taken place. The sample activated at 600 oC showed

better results, when compared with those activated at the other activa-

tion temperatures. The surface morphology was studied only for

SC600 and RS600 sample alone, because of its high surface area.

The SEM images of SC 600 and RS 600 are shown in Fig. 3(b),

(d). The activation agents and activation temperature employed have

created pores on its surface. The pore diameter shown was found

to be in the mesopore range (2-50 nm). Compared with PCC, SC

600 and RS 600 has many folds and deep pits, illustrating that the

structure damage increases greatly, because most of the organic vola-

tiles evolved, leaving behind the ruptured surface of activated car-

bon with a large number of pores. It has been made very clear that

the opening of the pores in the surface at 600 oC should be due to

Fig. 3. (a), (b) Scanning electron micrographs of (a) precarbonized carbon (PCC) and (b) porous carbon (SC 600). (c), (d) Scanning electron
micrographs of (a) precarbonized carbon (PCC) and (d) porous carbon (RS 600).
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the extraction of some materials, e.g., dissolution of lignins and other

mineral components from the bagasse and straw during the impreg-

nation process, so as to create, upon activation, micro and mesopo-

res in the carbon and silica components. As a result of the creation

of pores, there is an increase in both the surface area and the pore

volume, which are stably created in the carbon composite [28].

4. Electrochemical Characterization

Cyclic voltammetry (CV) technique was performed in a poten-

tial range to study the electrochemical characteristics and hence to

evaluate the specific capacitance of the as prepared electrode mate-

rials. Porous carbon can be used as the electrode materials in super-

capacitor technology, because of their highly available charge storage

sites on its porous surface. Therefore, the porous carbon samples

were used as the electrode material to understand the possible ap-

plication of SC and RS based carbon electrodes in energy storage

and conversion devices. Fig. 4(a), (b) exhibits the typical cyclic volta-

mmograms (CV) for SC and RS using H2SO4 as an electrolyte at

different scan rates (2 to 3 mV/s). The effect of scan rates was in-

vestigated in order to elucidate the charge storage mechanism of the

porous carbon. Clearly, the CV curves obtained at different carbon-

Fig. 4. (a) The cyclic voltammogram of a) SC 600 b) SC 700 and c) SC 800 using 1 M H2SO4 as electrolyte at different scan rates. (b) The
cyclic voltammogram of a) RS 600 b) RS 700 and c) RS 800 using 1 M H2SO4 as electrolyte at different scan rates.
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ization temperature are close to an ideal rectangular shape, evinc-

ing their better capacitive nature. This evidenced that no obvious

faradic reactions occur during the charge-discharge of the electro-

chemical capacitor.

The specific capacitance of carbon electrode can be calculated

from the cyclic voltammograms according to the following formula

(1)

where C is specific capacitance (F/g), v, potential scan rate (V/s),

m, mass of the carbon powder, I
a
 and I

c
, the average anodic and ca-

thodic currents, respectively. To determine the capacitance as a func-

tion of potential, ∆I values were obtained at various potentials.

The specific capacitance of the SC carbon electrodes was in the

range 92-340 F/g, whereas, for RS it was found to be 56-112 F/g at

scan rates of 2-3 mV/s. Generally, the specific capacitance of the

carbon electrode will increase with increase in surface area of the

carbon and hence, higher surface area sugarcane bagasse carbon

(676.95 m2/g) gives higher capacitance (340 F/g) than rice straw

carbon (396.03 m2/g , 112 F/g). The presence of macropores will

also be a reason for the transportation of the electrolyte ions to the

bulk materials. It is suggested that the ions can occupy some of the

pores in the electrode to take part in the double-layer formation. As

the scan rate increases, the square potential becomes gradually de-

pressed. Because, the ions transport into the pores more readily in

lower scan rate than in higher. Thus, the specific capacitance increases

with increase in BET surface area of the carbon electrode.

Since, the specific capacitance is proportional to the integral area

surrounded by CV curves, we conclude that the sequence of capaci-

tance values was: 600 oC>700 oC>800 oC for both SC and RS car-

bon electrodes. However, it may also depend on pores and if the

pore contraction occurs, it is unfavorable for the ions to penetrate

into the deeper region, which is the reason for the decrease in capaci-

tance as the temperature increases. Therefore, its surface may not

be completely utilized for charge storage as the activation tempera-

ture increases.

The stability of SC and RS during the charge-discharge cycling

at current densities of approximately 5 A/g that represents a current

density for a high power application is presented in Fig. 5. For RS,

the capacitance drops after 2500 cycles to 73% of the first cycle,

but after 5000 cycles the capacitance falls by only another 5% of

the capacitance in the first cycle. SC shows better stability with 81%

of the capacitance retained after 2500 cycles; however, after 5000

cycles the capacitance falls by only another 2% of the capacitance

in the first cycle. The cycling performance of both RS and SC is

comparable with other biomass-derived activated carbon electrodes

reported in the literature [29], but in the present study the cycling

performance is measured at a much higher current load. However,

the prepared carbon electrode shows excellent reversibility and stabil-

ity. This clearly indicates the ideal double-layer behavior and the

excellent supercapacitor performance of H3PO4 activated SC than

RS as an electrode material for energy storage devices [12].

Rufford et al. [11] reported the electrochemical performance of

activated carbon electrodes prepared by ZnCl2 activation of sugar

cane carbon, that has displayed the excellent electro-chemical prop-

erties with specific capacitances as high as 300 F/g observed in super-

capacitor cells containing 1 M H2SO4 electrolyte. Zhuo et al. [30,

31] reported the activated carbon electrodes prepared by ZnCl2 activa-

tion of sugar cane, which could deliver 9.2 Wh/kg of energy den-

sity, while maintaining 2.5 kW/kg of power density with specific

capacitance of 320 F/g. However, the specific capacitance of the

sugarcane bagasse carbon electrodes prepared by phosphoric acid

activation in the present study is 340 F/g, which is relatively higher

than the other reported works [11,30,31]. Moreover, there is no litera-

ture found for the supercapacitor electrode preparation by using the

rice straw.

CONCLUSIONS

The formation of slight crystallinity in the porous carbon struc-

ture and crystalline silica was noted through XRD curves. The use of

H3PO4 has the effect of producing considerable quantities of micro-

pores and mesopores. The inclusion process prior to chemical activa-

tion makes the process simpler and cheaper. Usually, H3PO4 activa-

tion temperature will be in the range of 400-700 oC, but we used

600-800 oC. The main cause is that we got very low specific capaci-

tance upto 500 oC. Similarly, 900o (sintered at 900 oC) gave a lower

specific capacitance than that of 800 oC. It was found that the chemi-

cal activation at 600 oC is optimum to produce high surface area for

both SC and RS. We have demonstrated an environmentally friendly

approach for the fabrication of electrical double layer capacitors

(EDLCs) using sugarcane bagasse and rice straw as the possible

precursor material. When compared to commercial carbon, porous

carbon prepared from sugarcane bagasse in the present study has

higher capacitance. The reason is that macroporous value, ionic mobil-

ity, pore size distribution and the surface chemistry made a vast spe-

cific capacitance difference with commercial carbon. The result clearly

indicates the excellent supercapacitor performance of SC over RS

as an electrode material for energy storage devices. These proper-

ties possibly enable these lignocellulosic wastes to act as a new bio-

mass source of carbonaceous materials for high-performance.
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