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ABSTRACT: Direct use of lignocelluloses fibers as substrate for fabrication of conductive, electroactive, biodegradable, and low-cost

electrode materials are in demand for high-tech applications of ion-exchange and energy storage devices. This article presents the

preparation and characterizations of conductive and electroactive lignocelluloses-polyaniline (cellulose/PANI) composite paper. Ligno-

celluloses fibers were directly collected from the stem of self-growing plant, Typha Angusitfolia, and subsequently coated with the

conductive and electroactive layer of PANI through chemical synthesis. Individual PANI-coated lignocelluloses fibers were converted

into sheet and further characterized with Scanning Electron Microscopy, Fourier Transform Infrared, Thermogravimetric Analysis,

electronic conductivity, and Cyclic Voltammetry. Cellulose/PANI composite paper revealed superior thermal characteristics and used

as a working electrode in three different electrolytes for ion-exchange properties. Conductive composite paper (CCP) showed the

charge storage capacity of ;52 C/g at scan rate of 5 mV/s in 2M HCl solution. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132,

42293.
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INTRODUCTION

In recent years conductive composite papers (CCPs) have

received significant attention for high-tech applications because

of flexibility, light-weight, and environment friendly characteris-

tics. CCPs are prepared mainly by two main approaches: (i) by

coating of metallic nanorods,1,2 (ii) by coating of conducting

polymer.3–7 Coatings of natural cellulose fibrils with conducting

polymers are successively investigated for versatile applications

in energy storage devices because of facile synthesis and the

entire organic constituents.8–10 Conducting polymers-based

CCPs are also attractive because of environmentally friendly and

relatively light-weight in comparison of other metallic based

CCPs. In last few decades, conducting and electroactive poly-

mers family received much attention because of display of their

metal-like electric conductivity and reversible switching between

redox states.

Polyaniline (PANI) is a well-known conducting polymer with

attractive properties i.e. good environmental stability, high elec-

trical conductivity, and facile synthesizes.11 PANI has been

extensively investigated in different applications such as sensors,

biomedical field, electronics, electro chromic devices, energy

storage devices, and printed circuit boards.12–18 However, appli-

cations of PANI for bulk-level are restricted because of poor

mechanical properties. Flexible polymers like cellulose, rubber,

plastic, and textile fibers are excessively investigated as substrates

for mechanically reinforce matrix of electrically conductive

polymers.19–32

Lignocelluloses is one of the most abundant, renewable, and

eco-friendly material on earth. Current environmental issues

show a pressing need for innovative, sustainable, and recyclable

materials in high-tech applications. Self-growing and pollutant

(because of excessive growth) plants are highly feasible for

extraction of natural fibers as substrate materials for further

coating of conducting polymers and metallic layers. Typha

Angustifolia, narrow-leaved cattail, are found in wet or saturated

soils and aquatic sediments in marshes, wet meadows, lake-

shores, pond margins, seacoast estuaries, roadside ditches, bogs,

and fens.33 The stem of T. Angustifolia plant encloses the
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lignocelloses fibrils like jute and used in several applications e.g.

bio fuels,34 to examine water quality,35 to analyze gas flow path-

way,36 treatment of waste water,37 powder coating in furniture,38

and pulp & paper industry.39–41 The chemical composition of

lignocelluloses fibers consist of cellulose [(C6H10O5)n] fibers

within matrix of aromatic lignin [(C31H34O11)n] and hemicellu-

lose [(C6H10O5)n].42

In era of modern disposable electronic technology, development

of thin, flexible, lightweight, and environmentally friendly elec-

trode materials are highly feasible.43 This study presents the

preparation and characterization of metal like cellulose/PANI

conductive composite paper as a working electrode material for

proposed applications of ion-exchange and energy storage

devices.

MATERIAL AND METHOD

Chemicals and Reagents

Raw lignocelluloses fibers were directly collected from the stem

of self-growing plant, T. Angustifolia as shown in Figure 1. Col-

lected fibers were dried in air under sunlight for four days for

removal of moisture. Aniline, ammoniumpersulphate (APS),

sodium hypochlorite (NaOCl), hydrochloric acid (HCl), and

sulfuric acid (H2SO4) were supplied by Merck. Aniline was

freshly distilled before use.

Synthesis of Paper Sheets

Preparation of Lignocelluloses Sheet. About 1.5 g of dried (as

described above) raw lignocelluloses fibers were dispersed in

200 mL of 20% NaOCl solution at temperature of 50�C for 4 h.

The bleached fibers were filtered on Buchner funnel (90 mm-d)

and pressed overnight to achieve surface smoothness of sheet.

The yield of fibers was approximately 70% after bleaching pro-

cess in comparison of dry weights.

Preparation of Celluloses/PANI Composite Sheet. About 0.5 g

of bleached lignocelluloses fibers (as described above) were dis-

persed in 50 mL of distilled water for 30 min. APS(1.3 g) and

aniline(0.5 mL) were dissolved in 50 and 68 mL of 1M HCl sol-

utions, respectively.44 Lignocellulose fiber and Aniline solutions

were mixed together and stirred for 10 min, subsequently APS

solution was added drop wise. The reaction was allowed to con-

tinue for 20 h in water ice bath for oxidative polymerization.

The homogenous solution of PANI-coated lignocelluloses fibers

were filtered on Buchner funnel and converted into sheet by

pressing overnight in air. The obtained black paper sheet was

flexible which can be cut with help of scissors.

Characterization

Scanning Electron Microscopy. Structural morphology and

microscopic information were obtained by using FE-Scanning

Electron Microscopy (SEM) (Quanta FEG-480) having E-SEM

(environmental SEM) mode. The samples were mounted on

aluminum stubs using double-sided adhesive black carbon tape.

Fourier Transform Infrared (FTIR) Spectroscopy. The struc-

ture and intermolecular interactions between components of the

naked and coated paper sheets were investigated by Fourier

transform infrared (FTIR) spectroscopy. FTIR spectra of sam-

ples were recorded with Thermo Scientific Nicolet 8700 FTIR

spectrometer at 8 cm21 resolution in averaging of 256 scans.

The spectra were collected over 4000–400 cm21 range.

Thermogravimetric Analysis (TGA). Simultaneous thermogra-

vimetric (TG) and differential scanning microscopy (DSC) anal-

yses of all sheets were carried out from ambient temperature to

800�C at a heating rate of 10�C/min under Ar dynamic flow by

using Model Netschz 409C thermogravimetric analyzer.

Electronic Conductivity. The resistance of cellulose/PANI sam-

ples was measured at room temperature using a two probe

method. The voltage U, which was applied from 1 to 10 V, and

resulting dc current I was measured by. The electronic conduc-

tivity r was then calculated as

r5 DI=DUð Þ L=wtð Þ

where DI/DU denotes the conductance of the sample obtained

from slope of the current versus voltage curve, L is the length,

w is the width, and t is the thickness of the sample.

Cyclic Voltammetry. Cyclic voltammetric (CV) measurements

were performed in a standard three-electrode electrochemical

cell utilizing a Potentiostat/Galvanostat with GPES interface

(ECO Chemie, The Netherlands). The cellulose/PANI sample

was employed as a working electrode, Platinum (Pt) wire as a

counter electrode and Ag/AgCl as a reference electrode. CV

measurements were recorded in potential window of 0.2 to 0.7

V at scan rate of 5 mV/s in 2.0M solutions of sodium chloride

(NaCl), HCl, and H2SO4, respectively. Fresh samples were used

for each measurement. The weights of the samples were in the

range of 3–8 mg and results were normalized with respect to

mass.

RESULT AND DISCUSSION

The morphology of bleached lignocelluloses fibers and coated

cellulose/PANI sheet were investigated by SEM as shown in Fig-

ure 2. Figure 2(a) shows the dense interlocking fibril structure

of uncovered sheet whereas embedded image reveals the

Figure 1. Collection of lignocelluloses fibers from stem of T. Angustifolia

plant. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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macroscopic view of compact structure of lignocelluloses fibrils

sheet. Figure 2(b) displays the granular agglomerates morphol-

ogy of cellulose/PANI sheet, which is subjected to conventional

synthesis via oxidative polymerization.45 The embedded image

in Figure 2(b) depicts the appearance of cellulose/PANI com-

posite as a black paper sheet and viable integrity of lignocellulo-

ses fibers after coating of PANI. FTIR spectra of naked

lignocelluloses and coated cellulose/PANI sheets are shown in

Figure 3. Figure 3(a) shows the peak at 3316 cm21 (derived

from hydroxyl groups stretching), peak at 2912 cm21 (C-H

stretching of CH2), 1416 cm21 (CH2 symmetric bending), and

1311 cm21 (C-H bending) can assigned for stretching and

bending modes of hydrocarbons at the backbone of lignocellu-

lose. Other peaks at 1153, 1023, and 874 cm21 are resulted

because of asymmetric bridge C-O stretching, C-O-C stretching

and vibration of anomeric C1, respectively.46 Figure 3(b) repre-

sents spectrum of cellulose/PANI sheet, which predominantly

reveals characteristics of PANI because of presence of peaks at

1552 and 1451cm21 are characteristics peaks of C5C stretching

vibration in quinone ring and benzene ring, respectively. The

presence of C-N stretching peak at 1299 cm21 further indicates

the presence of PANI. Lower intensity of hydroxyl group peak

in cellulose/PANI composite at 3316 cm21 is because of disap-

pearance of intermolecular hydrogen bonding in lignocelluloses

fibers, in accordance with previous work from Hu et al. From

the discussion of FTIR spectrum it can conclude that hydroxyl

groups are successfully interacting between PANI and lignocellu-

loses fibers.47

Thermogravimetric analysis (TGA) was performed for lignocel-

luloses fibers sheet and cellulose/PANI sheet in order to investi-

gate the effect of PANI coating on thermal degradation of

lignocelluloses fibers as shown in the Figure 4(a,b). In Figure

4(a), TGA curve of lignocelluloses fibers shows a first mass loss

of 4.5% at 100�C which is because of vaporization of moisture

and some volatile materials contained in the sample. The sec-

ond mass loss was seen in the region 210–450�C, where thermal

degradation of cellulose took place drastically. It can be seen in

Figure 4(b) that thermal degradation of cellulose/PANI compos-

ite proceeded from 180�C in contrast with the behavior of

lignocellulose, which showed thermal stability. A major weight

loss of cellulose/PANI composite is recorded in the region 210–

Figure 2. Scanning Electron Microscopy (SEM) images of (a) lignocellulo-

ses fibers sheet and (b) cellulose/PANI sheet. Embedded images shows the

macroscopic view of lignocelluloses fibrils and cellulose/PANI sheets in

Figures (a) and (b), respectively. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 3. FTIR spectra of (a) lignocelluloses fibers sheet and (b) cellulose/

PANI sheet. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 4. Thermo gravimetric (TG) analysis of (a) lignocelluloses fibers

sheet and (b)cellulose/PANI sheet. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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380�C because of the burning of lignocelluloses part in compos-

ite. A smaller weight loss is observed at high temperature range

550–950�C, which is because of thermal oxidative degradation

of PANI. However, the thermal instability of lignocellulose was

compensated by coating of PANI on lignocelluloses fibers. Fig-

ure 5 shows the bulk electrical conductivity measurement of cel-

lulose/PANI composite sheet. It can be observed that PANI/

Cellulose composite obeys Ohm’s law and revealed the elec-

tronic conductivity of ; 9 3 1022 S/cm whereas simple ligno-

celluloses sheet was insulating. According to literature survey,

electronic conductivity of PANI depends on various factors i.e.

degree of doping, particle morphology, crystallinity, and inter-

chain interactions.48–51 The electronic conductivity of presented

cellulose/PANI is found to be less than pure PANI (; 12 S/cm)

prepared by oxidative polymerization shown by Olad et al.52

However electronic conductivity of prepared cellulose/PANI is

comparable with electronic conductivity of CCPs in

literature.20,26,29,53

Figure 6 shows the redox properties of cellulose/PANI compos-

ite sheet by using as working electrode in CV measurements.

Three different solutions of 2M NaCl, HCl, and H2SO4 solu-

tions and scan rate of 5 mV/s were maintained for CV measure-

ments. To estimate the ion-exchange potential of cellulose/PANI

composite, the charge capacities (shown in Figure 6) were cal-

culated by integrating charge versus time curves from the

anodic scan of respective voltammogram. Cellulose/PANI com-

posite showed maximum charge capacity of 52.3 C/g in 2M

HCl solution at scan rate of 5 mV/s. Oxidation peaks in Figure

6 are occurred around 0.4 V in 2M HCl and H2SO4 solutions,

whereas oxidation peaks are shifted towards more positive

potential of 0.5 V in 2M NaCl solutions because of low ionic

conductivity. The results clearly indicate the possibility to use

the present cellulose/PANI composite as a working electrode

material in ion-exchange and energy storage applications.

CONCLUSIONS

This study presents the fabrication of cellulose/PANI composite

reinforced by coating of PANI on lignocelluloses fibers. Oxida-

tive polymerization technique was used for coating of PANI on

directly collected lignocelluloses fibers from self-growing T.

Angustifolia plant. Individual conductive microfibers acquired

through synthesis were transformed into paper sheets of bulk

thickness of ;1.0 mm. The composite sheets were flexible that

can cut with the help of scissor. For instance cellulose/PANI

composite was found to be conductive (;9 3 1022 S/cm) and

electroactive (for Cl2 and SO2
4 ) with maximum charge capacity

of 52.3 C/g. The presented outcomes consequently give rise to

new possibilities for production of low-cost, light weight, envi-

ronment friendly, and conductive electrode material from self-

growing plant for ion-exchange and energy storage applications.

ACKNOWLEDGMENTS

The financial support from CRGP CIIT (16–46/CRGP/CIIT/

LHR13), HEC Pakistan startup research grant (No. PD/IPFP/

HRD/HEC/2013/1922) and Deanship of Scientific Research at

King Saud University funding (No. RG 1435-004) are greatly

acknowledged.

REFERENCES

1. Hu, L.; Choi, J. W.; Yang, Y.; Jeong, S.; Mantia, L. F.; Cui, L.

F.; Cui, Y. PNAS 2009, 106, 21490.

2. Hu, L.; Cui, Y. Energy Environ. Sci. 2012, 5, 6423.

3. Yuan, L. Y.; Yao, B.; Hu, B.; Huo, K. F.; Chen, W.; Zhou, J.

Energy Environ. Sci. 2013, 6, 470.

4. Mihranyan, A.; Nyholm, L.; Bennett, A. E. G.; Stromme, M.

J. Phys. Chem. 2008, 112, 12249.

5. Johnston, J. H.; Kelly, F. M.; Moraes, J.; Borrmann, T.;

Flynn, D. Curr. Appl. Phys. 2006, 6, 587.

6. Strømme, M.; Frenning, G.; Razaq, A.; Gelin, K.; Nyholm,

L.; Mihranyan, A. J. Phys. Chem. B 2009, 14, 4582.

Figure 5. I–V curve of cellulose/PANI composite paper sheet.

Figure 6. Cyclic voltammograms of cellulose/PANI composite paper sheet

performed under three-electrode setup in (a) 2M H2SO4, (b) 2M HCl,

and (c) 2M NaCl solutions. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4229342293 (4 of 5)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


7. Nystr€om, G.; Mihranyan, A.; Razaq, A.; Lindstr€om, T.;

Nyholm, L.; Strømme, M. J. Phys. Chem. B 2010, 114, 4178.

8. Nyholm, L.; Nystr€om, G.; Mihranyan, G.; Strømme, M. Adv.

Mater. 2011, 23, 3751.

9. Snook, G. A.; Kao, P.; Best, A. S. J. Power Sources 2011, 196, 1.

10. Ramya, R.; Sivasubramanian, R.; Sangaranarayanan, M. V.

Electrochim. Acta 2013, 101, 109.

11. Qaiser, A. A.; Hyland, M. M.; Patterson, D. A. J. Phys.

Chem. B 2009, 113, 14986.

12. Katz, H. E.; Searson, P. C.; Poehler, T. O. J. Mater. Res.

2010, 25, 1561.

13. Guimard, N. K.; Gomez, N.; Schmidt, C. E. Prog. Polym.

Sci. 2007, 32, 876.

14. Bai, H.; Chen, Q.; Li, C.; Lu, C. H.; Shi, G. Q. Polymer

2007, 48, 4015.

15. Hong, S. F.; Hwang, S. C.; Chen, L. C. Electrochem. Acta

2008, 53, 6215.

16. Amrithesh, M.; Aravind, S.; Jayalekshmi, S.; Jayasree, R. S. J.

Alloy. Compd. 2008, 449, 176.

17. Prabhakar, N.; Arora, K.; Singh, H.; Malhotra, B. D. J. Phys.

Chem. B 2008, 112, 4808.

18. Lange, U.; Roznyatouskaya, N. V.; Mirsky, V. M. Anal.

Chim. Acta 2008, 614, 1.

19. Mo, Z. l.; Zhao, Z. l.; Chen, H.; Niu, G. P.; Shi, H. F. Carbo-

hydr. Polym. 2009, 75, 660.

20. Hu, W.; Chen, S.; Yang, Z.; Liu, L.; Wang, W. J. Phys. Chem.

B 2011, 115, 8453.

21. Cerqueira, D. A.; Valente, A. J. M.; Filho, G. R.; Burrows, H.

D. Carbohydr. Polym. 2009, 78, 402.

22. Chandran, A. S.; Narayanankutty, S. K. Eur. Polym. J. 2008,

44, 2418.

23. Lakshmi, K.; John, H.; Mathew, K. T.; Joseph, R.; George, K.

E. Acta Mater. 2009, 57, 371.

24. Jeevananda, T.; Siddaramaiah, Eur. Polym. J. 2003, 39, 569.

25. Razaq, A.; Mihranyan, A.; Welch, K.; Nyholm, L.; Stromme,

M. J. Phy. Chem. B. 2009, 113, 426.

26. Stejskal, J.; Trchov�a, M.; Kov�a�rov�a, J.; Proke�s, J.; Omastov�a,

M. Chem. Pap. 2008, 62, 181.

27. Stejskal, J.; Trchov�a, M.; Sapurina, I. J. Appl. Polym. Sci.

2005, 98, 2347.

28. Stejskal, J.; Trchov�a, M.; Brodinov�a, J.; Sapurina, I. J. Appl.

Polym. Sci. 2006, 103, 24.

29. Guilherme, M. O.; Barra, D�ebora, P.; Schmitz, S�ılvia, D. A.
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