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The utilization of renewable rice husk ash (RHA) for an energy storage system without any 

activation is described. Polyaniline grafted RHA (PANI/RHA) and MnO2 doped polyaniline grafted 10 

RHA (PANI/MnO2/RHA) nanocomposites were developed. The capacitance behaviour of the 

developed nanocomposites was well studied using cyclic voltammetry and charging-discharging 

methods. The results of galvanostatic charging and discharging show that 17 fold improvement on 

capacitance behaviour of PANI/RHA and 54 fold enhanced capacitance of PANI/MnO2/RHA 

nanocomposites than that of neat RHA. The enhanced capacitance and rate capability of RHA are 15 

attributed to the synergistic effect of polyaniline with RHA and also high utilization of pseudo active 

species for the ion/electron transfer.  

 

Introduction 

In recent years, natural environment is gradually 20 

endangered by the diversity of hazardous 

materials released from man-made products and 

wastes of biomass sources.[1] Similarly, 

increasing demands over fossil fuel energy and 

an increasing awareness of sustainability issues 25 

made to utilize justifiable biomass for the energy 

generation as well as storage applications, which 

helps to reduce the use of environmental 

hazardous materials.[2] The carbon, carbon 

based composites with  conductive polymers 30 

(polyaniline, polypyrrole) and pseudo capacitive 

materials (RuO2, MnO2 and CeO2), are well 

known super capacitor anode materials. Their 

synergistic effects towards the capacitor 

performance are also well described. [3–8] The 35 

activated carbon from bio-sources is reported in 

the direction of proper usage of renewable 

materials towards storage applications. However, 

the synthetic methods of activated carbon 

involves less economical multistep pathways and 40 

utilize activating agents (ZnCl2, H3PO3, etc).                   

[9-12] 
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One of the major naturally occurring bio 

resource is rice husk ash (RHA) and the most 

prolific agricultural residue from agriculture 

based countries, which has been utilized in the 

wide range of applications in different forms. 5 

The major constituents of rice husk were silica 

(SiO2) about 60% and carbon (C) ranging from 

10 to 40 %. It is also reported that the silica 

derived from rice husk ash (RHA) was used as a 

catalyst support, [13] adsorbent, [14] and 10 

composites. [15] Similarly, it was reported that 

RHA was used as an electrode material and 

electrical capacitors. [16-18] Thus, the 

crystalline nanosized silicon derived from the 

rice husk ash has been used as a promising anode 15 

materials for Li ion batteries [19, 20] and the 

activated carbon from rice husk ash also utilized 

as a capacitor anode materials [21, 22]. Rice 

husk constitutes of silica exhibiting an insulating 

behavior and a carbonaceous material contributes 20 

for the conductive behavior. Thus, the insulating 

behavior of RHA will be exploited by 

compositing the materials with conducting 

substrates and can be used for the energy storage 

systems. Likewise, it has been reported that the 25 

use of silica core offers high colloidal stability 

and easily controllable particle size [2].  

The present work limelight’s the 

performance of naturally available RHA bio 

source towards the fabrication of super capacitor 30 

anode materials. Similarly, the sustainable RHA 

was composited with MnO2 doping and 

polyaniline grafting without activation process. 

Grafting of polyaniline over the RHA was 

primarily ascertained with FT-IR and CP-MAS. 35 

Further the doping of MnO2 on the RHA was 

supported by XPS and analytical characterization 

methods such as HR-SEM/EDAX and HR-TEM 

analysis. Electrochemical studies of PANI/RHA 

and PANI/MnO2/RHA composites suggest that 40 

the developed nanocomposites are highly 

suitable towards the fabrication of supercapacitor 

anodes without utilizing any activation process.  

Experimental Section 

Materials 45 

Manganese sulphate (≥99.8%) obtained from 

Alfa aesar). Aniline (monomer), ammonium per 

sulphate, potassium permanganate, sodium 

sulfate and hydrochloric acid were obtained from 

Merck, India and double distilled water was used 50 

throughout the work. 

Step 1 Synthesis of rice husk ash (RHA)  

The rice husk was collected from the local 

agriculture wasting place and it was synthesized 

as per the previously reported procedure. [23] 55 

Initially, rice husk was washed with distilled 

water and dried in hot air oven at approximately 

60 °C for 8 h. Then washed with acetone, 

followed by HCl (0.3 M) to remove other 

contaminants and subsequently dried in hot air 60 

oven at approximately 60 °C for 8 h. Finally, rice 

husk was placed in the muffle furnace for 6 h at 

Page 2 of 15RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |3 

350 °C in order to obtain pure rice husk ash 

(RHA). The compositions of the resulted 

products are given in the supporting information 

(Figure S1b and Table S3). For comparison, the 

composition of raw rice husk ash is also given 5 

(Figure S1a, supporting information). 

Step 2 Synthesis of polyaniline grafted rice 

husk ash (PANI/RHA)  

The grafting of highly conductive polyaniline 

over rice husk ash (PANI/RHA) was developed 10 

as per the reported procedure.[24] 1 g of rice 

husk ash and 1 mL of freshly distilled aniline 

monomer were added to the 50 mL of 1 M HCl 

and subsequently sonicated for 30 minutes. Then, 

the required amount of homogeneous solution 15 

containing ammonium per sulphate dissolved in 

50 mL of hydrochloric acid (1 M) was slowly 

added with simultaneous efficient agitation                 

for 5 h at 0-5°C in an ice bath. Then, the 

expected product was filtered, subsequently 20 

washed with 1 M HCl for several times and 

finally using deionized water to separate the 

impurities. The resulting product then dried at 60 

°C in hot air oven for 12 h.  

Step 3 Synthesis of polyaniline grafted MnO2 25 

doped rice husk ash PANI/MnO2/RHA 

nanocomposites.  

RHA prepared in the previous step 1 was 

dispersed in acidified water (pH=2), then desired 

amount of MnSO4.H2O (0.1M) was added and 30 

subjected to ultra-sonication for 1 h. Later 

equivalent amount of KMnO4 (0.05M) dissolved 

in water (pH=2) was added slowly under 

continuous sonication for 3 h. Subsequent 

stirring of the mixture for overnight yields MnO2 35 

doped RHA (MnO2/RHA). The resulted product 

was centrifuged with repeated washing. After 

drying the same was utilized to graft polyaniline 

with repeating the above mentioned                                

procedure (step 2).  40 

Characterization 

FT-IR spectra data were obtained from 

Perkin Elmer 6X FT-IR spectrometer. The solid 

state NMR of raw RHA and RHA/polyaniline 

were analyzed at 14.1 and 11.7 T respectively on 45 

a Bruker DRX-500 spectrometer, equipped with 

4 mm MAS probes. Thermo gravimetric analysis 

(TGA) was performed on a Netzsch STA 409 

thermo gravimetric analyzer.  A Hitachi S-4800 

High resolution - Scanning Electron Microscope 50 

(HR-SEM) equipped with Horiba was used to 

record the morphology with their composition at 

20 kV. HRTEM images were captured using 

TECNAI G2 S-Twin transmission electron 

microscope, with an acceleration voltage of 150 55 

kV. TEM samples were prepared by dispersing 

the composites in ethanol and mounted on 

carbon-coated Cu TEM grids and dried for 24 h 

at 30 oC to obtain a film of <100 nm in size. 

Powder X-ray diffraction patterns (XRD) was 60 

recorded using a Rigaku Miniflex diffractometer 
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with Cu-KR radiation (k = 0.154 nm). The 

diffraction data was recorded in the 2θ over the 

range of 5–80°. The XPS was measured using an 

Omicron nanotechnology instrument at a 

pressure below 10-10 Torr. The wide scan was 5 

used to recorded core level of atoms with a 

monochromatic Al-Ka radiation (photon energy 

¼ 1486.6 eV) at a pass energy of 15 V and 

electron take-off angle of 608°. 

The electrochemical measurements were 10 

carried out in CHI660D electrochemical 

workstation. Three-electrode assembly was 

equipped with a working electrode, a platinum 

counter electrode and Ag/AgCl reference 

electrode. In the present work fabrication of 15 

working electrode was achieved by coating a 

paste of nanocomposites into a pre cleaned 

nickel plate with surface area of 1cm2. Without 

adding any carbon, 2 mg of the prepared 

nanocomposites were mixed with few drops of 20 

DMF, coated over the plate and subsequently 

allowed to dry overnight at 90 °C. Thus the 

obtained electrode was utilized as a working 

electrode. Sodium sulphate (0.5 M) was used as 

an electrolyte to analyze the performance of 25 

working electrode. Cyclic voltammetry (CV), 

galvanostatic charge – discharge measurements 

and electrochemical impedance analysis were 

used to study the capacitance behavior of the 

nanocomposites. The specific capacitance of the 30 

nanocomposites was calculated from the 

discharge curve using the following formula: 

            (1) 

Results and Discussion 
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Figure 1. FTIR spectra of a) RHA b) PANI/RHA and c) 

PANI/MnO2/RHA nanocomposites. 
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Scheme 1. Synthesis of polyaniline grafted rice husk ash 40 

nanocomposite. 

 

FT-IR spectra of RHA, PANI/RHA and 

PANI/MnO2/RHA nanocomposites are presented 

in Figure 1a-c. In Figure 1a, the peaks at 1098, 45 

799 and 465 cm-1 was due to Si-O-Si and Si-H 

vibrations of RHAs amorphous silica. The peak 

appeared at 2924 cm-1 corresponds to the C-H 

group. The broad peak around 3450 cm-1 

corresponds to the presence of hydroxyl group in 50 

Page 4 of 15RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |5 

both water and Si-OH. The grafting of 

polyaniline over rice husk ash is illustrated in 

scheme 1 and their corresponding vibrational 

spectrum is shown in Figure 1b. The peaks at 

1570 and 1476 cm−1 corresponds to the typical 5 

C=C stretching vibration of the quinoid and 

benzenoid rings of polyaniline, whereas the peak 

at 1302 cm−1 is attributed to C–N stretching 

vibration. [24-27] Similar stretching modes were 

also observed in the Figure 1c with an additional 10 

peak at 542 cm-1 representing the presence of 

MnO2 in the nanocomposites and are in 

consistent with previously reported literature. 

[28]   

The 13C CP-MAS spectra of RHA and 15 

PANI/RHA are shown in Figure 2a and 2b, 

respectively. The 13C NMR signal at 29 ppm is 

may be due to the presence of lignin or cellulose 

carbon, whereas the peak at 128 and 132 ppm 

corresponds to the aromatic carbon of cellulose. 20 

The 13C NMR of PANI/RHA (Figure 2b) was 

used to illustrates the presence of benzoid and 

quinoid aromatic carbon of polyaniline, at 124.34 

and 144.27 ppm respectively. Further the silica 

network of RHA and PANI/RHA was confirmed 25 

by 29Si CP-MAS spectra, as shown in Figure 2c 

and 2d respectively. The RHA exhibits three well 

defined characteristic peaks such as -91, -99 and 

-109 ppm, which indicates that the presence of  

a)

30 

b)

c)

d)

Figure 2. Solid state 13C CP Mas spectra of a) RHA, b) 

PANI/RHA and 29Si CP Mas spectra of c) RHA d) 35 

PANI/RHA. 
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Q2 [geminal silanol, (–SiO)2Si(OH)2], Q
3 [single 

silanol, (–SiO)3–SiOH] and Q4 [siloxane, 

(SiO)4Si] silicon atoms respectively. 

The peaks obtained for PANI/RHA at -99 

and -109 ppm (Figure. 2c) indicates the existence 5 

of Q3 and Q4 silicon atoms as similar to that of 

neat RHA.  The disappearance of peak at -99 

ppm is attributed to the some structural changes 

occurred in the Q2 silicon atom (Figure. 2d) due 

to the interaction of RHA with polyaniline 10 

through weak Van der Waal’s forces and 

hydrogen bonding. [29-34]   
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Figure 3. XPS Spectrum of a) PANI/RHA, 15 

PANI/MnO2/RHA nanocomposites and b) manganese of 

PANI/MnO2/RHA nanocomposites. 

Further, the X-ray photoelectron survey 

spectrum presented in Figure 3a and it confirms 

the grafting of polyaniline through the presence 20 

of N atom at 400 eV in addition to the Si, C, and 

O atoms in PANI/RHA nanocomposites. 

Additionally the presence of Mn atom in the 

PANI/MnO2/RHA nanocomposites was also 

ascertained from the peak existed at 642.2 eV 25 

and 653.9 eV. 

Figure. 3b illustrates the existence of Mn 

2p3/2 and Mn 2p1/2, whose binding energies 

were 642.2 eV and 653.9 eV. These binding 

energy values were confirming the presence of 30 

Mn4+ in the nanocomposites. Further the spin 

energy separation of 11.7 eV is also found to 

show good agreement with reported data of Mn 

2p3/2 and Mn 2p1/2 in MnO2. [28]  

The thermal stability of the RHA, 35 

PANI/RHA and PANI/MnO2/RHA was analyzed 

using thermo gravimetric analyzer and the 

thermograms are illustrated in Figure 4. Three 

major region of weight losses were observed in 

thermograms of RHA, PANI/RHA, 40 

PANI/MnO2/RHA. The initial stage degradation 

was observed below 200 °C may be attributed to 

the water molecules from physically adsorbed on 

the surface of composites. Weight loss in the 

temperature range from 200–530 °C corresponds 45 

to the beginning of degradation of the 

polyaniline chain coated over the hybrid 

nanocomposites. [25] At above 530 °C indicates 
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the complete degradation of polyaniline and the 

evolution of oxygen from MnO2. [35] Among the 

three composites, PANI/MnO2/RHA were found 

to be more stable up to 530 °C, due to higher 

MnO2 content.  5 

Figure 5 shows that the N2 adsorption and 

desorption isotherms of RHA, PANI/RHA and 

PANI/MnO2/RHA. The rice husk ash shows                  

95 m2g−1 surface areas with 0.20 cm3g−1 pore 

volume. Amorphous carbon and silica formed 10 

during burning are key factors for the surface 

area of rice husk ash on burning at 350 °C. 

However, the fusion of particles at above 350 °C 

leads to partially closing of pores and resulted in 

crystalline silica’s with lower surface area.                    15 

[36, 37] 

Similarly, the N2 adsorption and desorption 

isotherms of PANI/RHA and PANI/MnO2/RHA 

suggest the presence of mesopores nature in both 

nanocomposites with type IV hysteresis loops. 20 

However PANI/MnO2/RHA shows 558.7 m2g−1 

surface areas with 0.08 cm3g−1 pores volume 

whereas PANI/RHA endows only 163 m2g−1 

surface areas with 0.19 cm3g−1 pore volumes. 

The increased surface area of PANI/MnO2/RHA 25 

may be attributed to the decreased particle size of 

the nanocomposites and it is also reported that 

the presence of MnO2 can offer higher surface 

area. Further, the tertiary composites constituted 

with MnO2 and polyaniline contributes to the 30 

enhanced surface area of the developed 

nanocomposites than the pristine material. [38-

42] Further, the highly amorphous nature of the 

nanocomposites (Figure 6.) also contributes to 

the enhancement of surface area.  35 
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Figure 4. TGA Profile of RHA, PANI/RHA and 

PANI/MnO2/RHA nanocomposites. 
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Figure 5. BET profile of a) RHA b) PANI/RHA and c) 

PANI/MnO2/RHA nanocomposites. 

The X-ray diffractogram of RHA, MnO2, 

MnO2/RHA, PANI/RHA and PANI/MnO2/RHA 

are presented in the Figure 6. The broad 45 

reflection at 20° illustrates amorphous nature of 

RHA (Figure 6a). Similarly the MnO2 doped 

RHA also shows a broad reflection at 20°.[43] 
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However, low intense and broad peaks appeared 

at 37.2° and 66.4° confirms the existence of 

MnO2. The weak and broad signal of MnO2 

suggesting the amorphous nature and are similar 

with previous reports [44, 45]. The peaks 5 

appeared at 9.5° and 25° in Figure 6d confirms 

the polyaniline grafting in the PANI/RHA 

nanocomposites. The reflection of PANI at 25° 

with d-spacing (~3.5 Å) corresponds to the face-

to-face interchain stacking distance between 10 

phenyl rings. [2, 46- 49] It is noteworthy that no 

distinct MnO2 reflection was observed in the 

tertiary PANI/MnO2/RHA composite indicating 

that that the surface of the MnO2/RHA has been 

homogenously and densely grafted with 15 

polyaniline layer. Further it was reported that 

polymerization of PANI, will disturb the crystal 

structure of MnO2 and thus led to the formation 

of amorphous MnO2 [50-52]. Thus, the 

amorphous MnO2 tunnel structures which should 20 

be convenient for cation diffusion. Subsequently, 

this can render a large capacitance [53].  

The SEM micrographs of RHA, 

PANI/RHA, and PANI/MnO2/RHA are 

illustrated in Figure 7a-c. The polyaniline 25 

grafting over the RHA is achieved by surface 

polymerization, which also seems to be uniform 

and shows the compatibility of rice husk ash with 

polyaniline. The adhesion of polyaniline was 

achieved in not only at macroscopic level, but 30 

also mesopores level of the rice husk. [54] 
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Figure 6. XRD Profile of a) RHA, b) MnO2, c) 

MnO2/RHA, d) PANI/RHA and PANI/MnO2/RHA 

nanocomposites. 35 
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Figure 7. SEM micrograph of a. RHA, b. PANI/RHA and 
c. PANI/MnO2/RHA nanocomposites and TEM 
micrograph of d. PANI/RHA and (e-f) PANI/MnO2/RHA 40 

nanocomposites. Inset of Figure 7f is diffraction pattern of 
PANI/MnO2/RHA. 
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Further, the fibrous like appearance of PANI 

offers higher surface area with improved porosity 

for both PANI/RHA and PANI/MnO2/RHA 

nanocomposites. The same was supported by the 

N2 adsorption studies, which affords high surface 5 

area of PANI/RHA (Figure 5). 

It is also found that, the MnO2 nanoparticles 

are successfully and uniformly deposited over 

the surface of the RHA like needle morphology, 

which are also indicated with arrow mark in the 10 

supporting information (Figure S5). [55] Thus, 

the –OH group present in the RHA network also 

acts as an anchor sites for Mn4+ ion. This 

phenomenon was well supported in Figure 7e 

and 7f, which affords homogeneous nucleation 15 

of MnO2 in RHA and PANI grafting. [56] The 

composition of the PANI/RHA and 

PANI/MnO2/RHA obtained from EDAX studies 

were presented in supporting information (Figure 

S2a and S2b) and Table S3  20 

Figure 8a. Illustrates that the Cyclic 

Voltammograms (CV) of RHA, PANI/RHA and 

PANI/MnO2/RHA at 30 mV scan rate in 0.5 M 

Na2SO4 electrolyte from -0.2 to 0.6 V potential 

window. The formation of rectangular curve 25 

without any redox behaviors, clearly illustrates 

that the neat RHA, PANI/RHA and 

PANI/MnO2/RHA demonstrates the clear 

capacitance behavior. Among the 

nanocomposites, more Faradic current response 30 

was obtained with PANI/MnO2/RHA. Due to the 

effective utilization of both doped MnO2 with 

conductive PANI layer of PANI/MnO2/RHA, 

larger increase in the Faradic performance with 

fast and reversible capacitance was achieved. 35 

Faradic behavior of neat rice husk ash may be 

attributed to the presence of 25 wt % carbon 

content of lignin in the rice husk ash, which was 

obtained from the thermal treatment of rice husk 

and supported by the EDAX study of RHA 40 

(supporting information Figure S1b and Table 

S3). However, PANI grafted RHA, exhibits 

higher current response with larger rectangular 

area due to the enhanced conductance of the 

PANI/RHA. This enhanced Faradic behavior of 45 

PANI/RHA may be attributed to the presence of 

PANI with fibrous morphology layer on the 

RHA surface, which offers high surface area and 

thus facilitates larger electrode/electrolyte 

interface area with enhanced electron transfer 50 

through the conductive network [2, 57]. Further, 

Figure 8b-d illustrates that the uniform 

rectangular shape even at higher scan rates, 

which suggest the characteristic behavior of 

double layer capacitance.  55 

Further, evaluations of capacitance behavior 

with galvanostatic charge–discharge study at                 

0.5 – 5 mA/g are illustrated in Figure 9a-c for the 

composites of RHA, PANI/RHA and 

PANI/MnO2/RHA. It is noteworthy that the 60 

PANI/MnO2/RHA and PANI/RHA 

nanocomposite tends to show 135 F/g and                      

42.5 F/g specific capacitance respectively at a 

low current density of 0.5 mA/g.                                    
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The nanocomposites developed with PANI 

grafted and MnO2 doped PANI grafted are found 

to show 17 and 54 fold higher capacitance than 

that of rice husk ash whose capacitance is 2.5 

F/g. Large surface area with mesoporous 5 

morphology offered by MnO2 and high 

conductive polyaniline network jointly provides 

better conducting pathways for both ionic (Na+) 

and electronic (e-) transportation during the rapid 

charge/discharge process and facilitates the high 10 

specific capacitance of PANI/MnO2/RHA 

nanocomposites.[35, 57-59] 
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Figure 8a. Illustrates the Cyclic Voltammograms (CV) 

curves of RHA, PANI/RHA and PANI/MnO2/RHA 

nanocomposites at 30 mV scan rate. Figure 8b-d Cyclic 

Voltammograms (CV) of RHA, PANI/RHA and 20 

PANI/MnO2/RHA nanocomposites at different scan rate in 

0.5 M Na2SO4 electrolyte from -0.2 to 0.6 V potential 

windows. 

Further, the carbon content present in the 

silica rich rice husk ash act as a binding material 25 

in addition to their Faradic behavior. Thus, it 

inhibits the addition of active materials like 

active carbon in electrode preparation. The 

resulting rate capabilities of the developed 

composites are compared in Figure 9d. For the 30 

PANI/MnO2/RHA nanocomposites, the specific 

capacitance at the current density of 0.5, 0.7, 1.0, 

Page 10 of 15RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |11 

and 3.0 mAg-1 was found to be 130, 89, 70, and 

57 F/g respectively. However when the current 

rate was raised to 0.7, 1.0, and 3.0 mA/g the 

resulted capacitance retention was found as 70.6, 

53.8, and 43.8 %, respectively. However, the 5 

RHA and PANI/RHA tends to show only 0.1% 

and 32.2 % retention, when the current density is 

raised to 3.0 mA/g from 0.5 mA/g respectively. 

Thus, the PANI/MnO2/RHA sample retains 

maximum rate capability. The long-term cycling 10 

stability of the PANI/MnO2/RHA and 

PANI/RHA nanocomposites are also studied by 

charge-discharge measurements at a current 

density of 0.5 mAg-1 for 1000 cycles and it was 

illustrated in the Figure 9e. The nanocomposites 15 

PANI/MnO2/RHA exhibited a high 

electrochemical stability with 74.5% capacitance 

retention, whereas the PANI/RHA shows only 

66.4 % retention. The improved cycling stability 

of PANI/MnO2/RHA may be due to the large 20 

surface area with mesopores and presence of                 

Si core of RHA with doped MnO2 offers more 

stability solid skeleton to interlink polyaniline 

skeleton in turn, the grafted PANI protects the 

MnO2 from dissolving in electrolyte. [2, 60, 61] 25 

The lowering capacitance of PANI/RHA is 

probably due to the degradation of polyaniline 

skeleton. 

0 5 10 15

-0.2

0.0

0.2

0.4

0.6

P
o

te
n

ti
a

l 
(V

)

Time (s)

 0.5mA

 0.7mA

 1mA

 3mA

 5mA

a)

 

0 100 200 300 400 500 600

-0.2

0.0

0.2

0.4

0.6

 

P
o

te
n

ti
a

l 
(V

)

Time (s)

 0.5mA

 0.7mA

 1mA

 3mA

 5mA

b)

30 

0 200 400 600 800 1000 1200 1400 1600
-0.2

0.0

0.2

0.4

0.6

 

 

P
o

te
n

ti
a

l 
(V

)

Time (s)

 0.5mA

 0.7mA

 1mA

 3mA

 5mA

c)

Page 11 of 15 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

12|Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

0 1 2 3 4 5

0

20

40

60

80

100

120

140
S

p
ec

if
ic

 C
a
p
a
ci

ta
n

ce
 (

F
/g

)

Current density (mA)

 PANI/MnO
2
/RHA

 PANI/RHA

 RHA

d)

 

200 400 600 800 1000

0

20

40

60

80

100

 

 PANI/MnO
2
/RHA

 PANI/RHA

C
a

p
a

ci
ta

n
ce

 r
et

en
si

o
n

 (
%

)

Cycle number

e)

 

Figure 9. illustrates the Charging - Discharging curve of a) 

RHA, b) PANI/RHA and c) PANI/ MnO2/RHA Charge-

discharge at current densities of 0.5-3 mA g-1. (d) Specific 5 

capacitance as a function of different current densities of 

RHA, PANI/RHA and PANI/ MnO2/RHA. e) Specific 

capacitance versus cycling number at 0.5 mA/g of the 

PANI/RHA and PANI/ MnO2/RHA nanocomposites. 

 10 

Electrochemical impedance spectra in the 

form of Nyquist plots of RHA, PANI/RHA and 

PANI/MnO2/RHA are presented in Figure 10. 

The electrochemical behavior at the interface 

between the electrode and electrolyte was well 15 

understood from the semicircle in the high 

frequency region and a 45o capacitive slope in 

the low frequency region. 
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Figure 10. Nyquist Impedance spectra of RHA, 20 

PANI/RHA and PANI/MnO2/RHA. 

Table 1 Charge-transfer resistance of the different 

electrode and electrolyte interface 

 

Components include electrolyte resistance, 25 

intrinsic resistance of active material and contact 

resistant do the factors constitute the semicircle 

behavior. The charge-transfer resistances of the 

different electrodes and electrolytes interface are 

presented in Table 1. From the results of Rct, the 30 

PANI/MnO2/RHA system shows that the least 

charge transfer resistance among the three 

electrode materials. Due to the presence of 

capacitive materials and conductive network 

both in macro and mesoscopic levels of RHA the 35 

PANI/MnO2/RHA nanocomposites delivered the 

larger Faradic response. [62, 63] 

Electrode 
Re 

(ohm) 
Cdl (F) 

Rct 

(ohm) 

Zw 

(ohm) 

RHA 51.32 1.74 e-6 189.30 0.00065 

PANI/RHA 56.74 1.00 e-6 36.32 0.00002 

PANI/MnO2/RHA 51.51 2.15 e-6 34.46 0.00004 
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Conclusion 

The renewable bio source of RHA was used 

over energy storage systems without any further 

chemical activation. The grafting of polyaniline 5 

over the rice husk ash surface was confirmed by 
29Si Cp-mas, XPS and EDAX. In addition, 

doping of MnO2 was also confirmed by XPS 

survey. The electrochemical studies of 

PANI/MnO2/RHA hybrid nanocomposite shows 10 

higher value of capacitance of 135 F/g along 

with superior stability and reversibility for long 

time. Thus, the renewable bio source RHA can 

be used in the form of an anode material for the 

fabrication of super capacitors, which can be 15 

utilized at large scale with competitive cost in 

future. 
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