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ABSTRACT: Synthesis of PANI–SnO2 nanocomposite has been performed using a simple two step chemical oxidative polymerization

route. The structural, morphological and chemical properties of the as-synthesized PANI–SnO2 nanocomposite have been revealed by

various characterization techniques such as SEM, TEM, XRD, FTIR, and XPS. Interestingly the as-synthesized PANI–SnO2 nanocom-

posite exhibits supercapacitance value of 721 F g21 with energy density 64 Wh kg21, which is noticed to be higher than that of pris-

tine SnO2 and PANI nanostructures. Furthermore, the galvanostatic charge–discharge characteristics revealed pseudocapacitive nature

of the PANI–SnO2 nanocomposite. The estimated values of charge transfer resistance and series resistance estimated from the Nyquist

plot are found to be lower. Along with the supercapacitive nature, PANI–SnO2 nanocomposite showed promising field emission

behavior. The threshold field, required to draw emission current density of 1 lA/cm2, is observed to be 0.90 V/lm and emission cur-

rent density of 1.2 mA/cm2 has been drawn at applied field of �2.6 V/lm. The emission current stability investigated at preset values

of 0.02 and 0.1 mA/cm2 is observed to be fairly stable over duration of more than 3 h. The enhanced supercapacitance values, as well

as, the promising field emission characteristics are attributed to the synergic effect of SnO2 nanoparticles and PANI nanotubes. VC 2014
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INTRODUCTION

Polyaniline (PANI) has received a great deal of attention as one

of the materials of choice for frontline multidisciplinary research

areas, because of its inherent superior physico-chemical proper-

ties.1–3 The domain of applications of PANI, its nanostructures

and nanocomposites is quite wide, which includes chemical sen-

sors, battery electrodes, corrosion inhibition, electromagnetic

interference shielding, light emitting diodes, solar cells, superca-

pacitors and field emission (FE).1,3 In recent years, electrochemi-

cal supercapacitors are being considered as potential energy

efficient devices facilitating rapid energy storage and delivery. The

supercapacitors offer unprecedented advantages such as, high

power density, high efficiency, long life cycle, stable performance

over wide range of operational temperature, and eco-friendly

nature.4 Owing to these advantages, they show potential for prac-

tical applications in variety of portable devices like digital cam-

eras, mobile phones, in addition to hybrid vehicles and energy

storage units for solar cells. However, certain issues dealing with

energy density, self charging rate, cost etc, limit their real field

applications on massive scale, and therefore there is need of

more research to overcome these limitations.

As the performance of supercapacitors critically depends on the

nature of electrolyte and electrode material, conducting polymers

and nanostructured metal oxides exhibiting psuedocapacitance

behavior are considered to be promising electrode materials.

Moreover, PANI, due to its fast redox switching and excellent

energy storage capacity, is recognized as an ideal electrode material

for supercapacitors.5 As a consequence, a good amount of research

work exploring various PANI nanostructures (nanowires, nano-

buds, hollow nanofibers etc.) for supercapacitive application has

been reported in the last couple of years.6–8 Although, the PANI

nanostructures exhibit high capacitance, it is seen that the polymer
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backbone break down occurs after limited charging–discharging

cycles. The poor strength and modest rigidity of the polymer

backbone leads to reduced cycling stability.9 This limitation can be

overcome, if sufficient strength to the polymer backbone is pro-

vided, which can be achieved via use of PANI nanocomposites.10

In this regard, Kovalenko et al. have investigated the supercapaci-

tive behavior of PANI-nanodiamond composite. The authors have

observed that, incorporation of nanodiamond in PANI matrix

increases the performance of electrochemical supercapacitor, and

with the increase in percentage of nanodiamond noticeable

improvement in cycle stability and retention in capacitance value,

as compared to pristine PANI is observed.10 Some research groups

have investigated various nanocomposites of PANI with graphene,

carbon fibers, single walled carbon nanotubes, reduced graphene

oxide (RGO), graphite nanofibers, and have observed enhanced

supercapacitance values with better stability.5,9,11–17 Besides nano-

composites of PANI with carbon based materials, nanocomposites

of metal oxides and carbon family members such as, SnO2@C,

SnO2/graphene, MnO2/graphene, RuO2/graphene, RGO/MoO3,

etc. have been studied as supercapcitors.18–20 Recently, Zhu et al.

and Wang et al. reported the supercapacitive investigations of

PANI–SnO2 nanocomposite, wherein they have found the highest

supercapacitance 857 F g21 and 335.5 F g21, respectively.21,22

There are a few more groups which have studied the supercapaci-

tive behavior of PANI–SnO2 hybrid structures.23,24

In addition to the supercapacitive performance of the PANI

nanostructures and nanocomposites, their field electron emission

characteristics are observed to be interesting and thus, have been

investigated by various research groups.25–30 Recently, our group

has reported FE properties of various nanostructures of PANI

such as nanotubes, nanofibers, nanopetals, and nanocrystals.31–33

Amongst the various PANI-metal oxide nanocomposites, the

PANI–SnO2 is an interesting system possessing a unique set of

properties owing to superior intrinsic properties of the counter-

parts.34,35 We herein, report synthesis of PANI–SnO2 nanocom-

posite and its multifunctionality in terms of electrochemical

supercapacitance and FE behavior. The structural and chemical

characterization of the PANI–SnO2 nanocomposite was carried out

using scanning electron microscope (SEM), transmission electron

microscope (TEM), X-ray diffraction (XRD), Fourier transform

infrared spectroscopy (FTIR), and X-ray photoelectron spectroscopy

(XPS). The electrochemical properties pertaining to the supercapa-

citive behavior were investigated employing cyclic voltammetry

(CV), galvanostatic charge–discharge (GCD), and electrochemical

impedance spectroscopy (EIS) techniques.

EXPERIMENTAL

The PANI–SnO2 nanocomposite was synthesized in two steps.

In the first step, SnO2 nanoparticles were synthesized by chemi-

cal route in separate experiment, and in the second step, these

nanoparticles were used to synthesize the PANI–SnO2 nanocom-

posite during oxidative polymerization of PANI.

Materials

The source chemicals such as aniline monomer (C6H7N), acetic

acid (CH3COOH) and sulfuric acid (H2SO4) were obtained

from Central Drug House LTD, New Delhi, India, while tin

chloride [SnCl4�5H2O (A.R.)], liquid ammonia (NH3) and

ammonium persulphate (APS) [(NH4)2S2O8] were purchased

from Thomas Baker, Mumbai, India.

SnO2 Nanoparticle Synthesis

The synthesis of SnO2 nanoparticles was carried out by a facile

sol–gel route, wherein 2M liquid NH3 was drop wise added to

0.2M aqueous solution of SnCl4�5H2O. The slow addition liquid

NH3 converts the stannic chloride solution into opal gel, which

was collected and washed with distilled water several times. The

gel was then centrifuged to remove excess water and chlorine,

and the precipitate was dried at 80�C. The resultant SnO2 pow-

der was annealed at 500�C for 5 h in ambient.36

PANI–SnO2 Nanocomposite Synthesis

To synthesize the nanocomposite, the SnO2 nanoparticles were

added during polymerization of PANI. First, 0.25M APS was

slowly added to the mixture of 0.2M double distilled aniline

and 0.8M acetic acid.31 Upon addition of APS followed by con-

tinuous stirring the reaction mixture turned from colorless to

brown, and finally to dark green. At this stage, the SnO2 nano-

particles were added to the reaction mixture and kept at static

condition for 24 h. Next day the solution was filtered and

washed several times with double distilled water and ethanol.

The filtered residue was dried at 60�C under rough vacuum

conditions. The synthesis process can be summarized as below.

Characterization

The synthesized nanocomposite was characterized by Scanning

Electron Microscope (SEM, Model—JEOL, JSM 6360A), Trans-

mission Electron Microscope (TEM, Model—FEI, Technai G2

U20) and X-Ray Diffractometer (XRD, Model—D8, Advance,

Bruker AXS) so as to reveal its structural and morphological

properties. The chemical properties were studied by Fourier

Transform Infrared Spectrometer (FTIR, Model—JASCO, 6100).

The XPS analysis was carried out at the base pressure of 10210

mbar, using Mg Ka radiation (1253.6 eV, line width 0.7 eV)

generated at a power of 150 W using X-ray photoelectron spec-

trometer (XPS, VG Microtech ESCA 3000).

Preparation of Working Electrodes and Electrochemical

Measurements

The electrochemical measurements were performed using three

electrode assembly in single compartment glass cell wherein

platinum foil and saturated calomel electrode (SCE) were used

as counter and reference electrodes, respectively. The working

electrode was prepared by drop casting the electrode material

on the indium doped tin oxide (ITO, conductivity � 0.5 X
cm21) glass substrate. The weight of the ITO glass was taken

before and after the drop casting in order to calculate mass of

the electrode material. Separate working electrodes were pre-

pared for SnO2 nanoparticles, PANI nanotubes, and PANI–

SnO2 nanocomposite. A computer interfaced electrochemical

analyzer (1100A Series, CH Instrument) has been used to carry

out electrochemical measurements of these working electrodes,

one at a time. The CV measurements were performed in 1M

H2SO4 electrolyte by sweeping the potential between 20.2 and
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0.8 V at different scan rates, ranging from 0.005 to 0.5 V/s. The

specific capacitance (Csp) of the nanocomposite is calculated by

the formula:

Csp5
I

m:s

where, I is the peak current, m is the mass of electrode material,

and s is the scan rate. Furthermore, the maximum energy stor-

age (E) per unit mass i.e. energy density has been calculated

using following formula,

E5
1

2
CspV 2

i

where, Vi is the initial voltage of the discharge curves.

The charging–discharging studies of the PANI–SnO2 nanocom-

posite electrode were carried out at different current values 9, 8,

7, 5, and 4 A g21 and from the galvanostatic discharge curves, the

specific capacitance was calculated as per the following formula,

Csp5
23I

m:ðDV=DtÞ

where “I” is discharging current, “m” is mass of active electrode

material, and “ðDV=DtÞ” is the average slope of discharge

curve. Furthermore, the impedance spectroscopy measurements

were performed in the frequency range from 100 MHz to 1

mHz using FRA2 Autolab workstation (Type III).

Field Emission Measurements

The FE measurements were carried out using a planar diode

configuration at base pressure of �1 3 1028 mbar. The PANI–

SnO2 nanocomposite drop casted on copper stub acted as a

cathode, whereas a semitransparent phosphor screen held par-

allel with the cathode acted as an anode. A linear motion drive

facilitated variation in distance between the anode and cath-

ode. In the present studies, the distance between anode and

cathode was kept �1 mm. The FE current versus voltage

(I 2 V) and current versus time (I 2 t) measurements were car-

ried out using Spellman high voltage DC power supply (640

kV) and Kiethely 6514 Picoammeter. A special care was taken

for low noise measurements and proper grounding. The details

of vacuum processing and FE measurements are described

elsewhere.31

RESULTS AND DISCUSSION

The SEM image [Figure 1(a)] of as-synthesized PANI–SnO2

nanocomposite shows formation of PANI nanorods having

diameter in the range from 200 to 300 nm, and length of sev-

eral microns. A careful observation of SEM image reveals pres-

ence of agglomerates of tiny nanoparticles on surface of the

PANI nanorods. To gain better structural understanding of these

nanostructures, TEM analysis was performed. A typical TEM

image of a single PANI nanostructure, depicted in Figure 1(b),

reveals that the nanorod is hollow with inner cavity diameter of

�50 nm. From the TEM analysis, average size of the SnO2

Figure 1. (a) SEM image, (b) TEM image, (c) High resolution TEM image, and (d) SAED pattern of the PANI–SnO2 nanocomposite. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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nanoparticles is estimated to be �20 nm. The HRTEM image

[Figure 1(c)] shows lattice fringes justifying crystalline nature of

the SnO2 nanoparticles, supported by the selected area electron

diffraction (SAED) pattern [Figure 1(d)]. The observed SAED

pattern, comprised of concentric rings suggests polycrystalline

nature of the PANI–SnO2 nanocomposite. The four bright rings

implying interplanar spacing (d) values �3.36, 2.65, 2.37, and

2.31 Å are representative of the (110), (101), (200), and (111)

planes of SnO2, respectively. Thus, the TEM analysis reveals that

the nanocomposite is comprised of well adhered crystalline

SnO2 nanoparticles present on surface of the PANI nanotubes.

The synthesis protocol of SnO2 nanoparticles, PANI nanotubes,

and PANI–SnO2 nanocomposite is pictorially depicted in

Scheme 1.

The EDAX spectrum [Figure 2(a)] recorded during the TEM

analysis exhibits peaks related to Sn and O, confirming that the

agglomorated nanoparticles are of SnO2 phase. The other peaks

representative of C and S due to PANI and oxidant (APS),

respectively. For verification of the SnO2 phase, XRD analysis

was performed. A typical XRD pattern of the PANI–SnO2 nano-

composite, shown in Figure 2(b), exhibits a set of well defined

diffraction peaks. The diffraction peaks observed at different 2h
values; 26.4, 33.7, 37.8, 38.8, 51.5, 54.5, 61.6, 64.4, 65.7, 70.9,

and 78.3, are indexed to (110), (101), (200), (111), (211), (220),

(310), (112), (301), (202), and (321) planes of SnO2, respec-

tively (Ref JCPDS card # 770452). Thus, the XRD analysis indi-

cates presence of polycrystalline SnO2 nanoparticles having

tetragonal phase in the composite films. The formation of con-

ducting phase of PANI in the nanocomposite was revealed by

UV–Visible spectrum shown in Figure 2(c).

The FTIR spectrum of PANI–SnO2 nanocomposite is depicted

in Figure 2(d), which is in good agreement with the earlier

reports.37–43 The peaks observed at �1576 and 1508 cm21 are

due to the C@C stretching deformation of the quinoid and

benzoid rings, respectively. The peaks observed at �1302 and

1250 cm21 are attributed to CAN stretching of secondary

amines. Absorption due to attachment of 2SO3
2 group to the

aromatic rings is indicated by the peaks at �1040, and

695 cm21. The peaks present at 1177 and 826 cm21 belong to

the degree of delocalization of electron and out of plane vibra-

tion of CAH, respectively.37–43

The deconvoluted XPS spectra of the PANI–SnO2 nanocompo-

site corresponding to C1s, N1s, O1s, and Sn3d energy levels are

depicted in the Figure 3. The C1s energy spectrum can is decon-

voluted into three peaks at 284.6, 285.5, and 287.1 eV, as seen

in Figure 3(a). The peak located at 284.6 eV is associated to the

CAC bonding of sp2 carbon (C1). Furthermore, the peak

observed at binding energy of �285.5 eV (C3) is associated to

the CAN or C@N bonding, while the peak at �287.1 eV (C2)

is due to the CAN1 bond.44 As seen from Figure 3(b), the

deconvoluted XPS spectrum of N1s energy level exhibits four

peaks. The peaks corresponding to the binding energies 399.5

(N1) and 400.33 eV (N4) are attributed to the quinoid imine

[@NA] and the benzoid imine [ANHA] bonds, respectively. In

addition, the peaks observed at 400.52 (N2) and 402.39 eV (N3)

are assigned to the cationic nitrogen atoms (@NH1) and the

protonated amine units (ANH1) present in the PANI.45 The

peak observed at the binding energy 531.2 eV is characteristic of

O1s, suggesting that oxygen atom is present in “O22 state” in

the composite.46 The XPS spectrum corresponding to Sn energy

levels [Figure 3(d)] shows appearance of peaks at the binding

energies 487.23 and 495.61 eV, which are assigned to Sn3d5/2

and Sn3d3/2 states, respectively.47 The atomic ratio, Sn : O,

determined from the area under the Sn and O peaks, is found

to be �1 : 1.98, justifying the stoichiometry of the SnO2 phase.

This ratio slightly differs from theoretical value 1 : 2.

The electrochemical measurements were performed in 1M

H2SO4 as an electrolyte. The CV was performed on three differ-

ent electrode materials, pristine SnO2, pristine PANI, and

PANI–SnO2 nanocomposite in separate experiments. The CVs

recorded at different scan rates are depicted in Figure 4(a–c). In

the case of pristine SnO2, the observed CV curves exhibit an

Scheme 1. Formation PANI–SnO2 nanocomposite. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 3. XPS spectra (deconvoluted) of (a) C1s, (b) N1s, (c) O1s, and (d) Sn3d energy levels of the PANI–SnO2 nanocomposite. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2. (a) EDAX spectrum (b) XRD spectrum (c) UV–visible spectrum and (b) FTIR spectrum of the PANI–SnO2 nanocomposite. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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anodic peak around 20.05 V. Interestingly, in the case of pris-

tine PANI and PANI–SnO2 nanocomposite electrodes, the CVs

are found to be almost ‘rectangular box’ type, a characteristic of

an ideal supercapacitor with good charge transportation. The

observation of significant hysteresis in the CVs of the PANI–

SnO2 nanocomposite is indicative of lower value of the contact

resistance. Furthermore, it confirms the pseudocapacitive nature

of the electrode material. It is well known that, if the area

enclosed by the CV curve increases, the corresponding capaci-

tance value also increases. It is interesting to note that, after the

incorporation of the SnO2 nanoparticles in the PANI nanotubes,

the area enclosed by the CV exhibits significant enhancement.

The comparative CVs of pristine SnO2, pristine PANI and

PANI–SnO2 nanocomposite recorded at the scan rate of

0.005V/s are shown in Figure 4(d). The CV area of the PANI–

SnO2 nanocomposite is found to be larger than that of the

pristine SnO2 and PANI films, thus predicting high value of

the capacitance i.e. supercapacitive nature of the PANI–SnO2

nanocomposite.

The current values are observed to be proportional to the scan

rate as seen from Figure 5(a). Furthermore, the current values

observed in case of PANI–SnO2 nanocomposite film are higher

than those observed for the pristine SnO2 and PANI films. The

higher current values observed for the PANI–SnO2 nanocompo-

sites can be attributed to better electrical contact between the

SnO2–PANI–ITO phases along with enhanced concentration of

the charge carriers. The nearly linear increment in the current

value with respect to the scan rate signifies good rate of ability,

reversible stability, and fast switching between the oxidation and

reduction states on current change. The values of capacitance,

estimated at the scan rate 0.005 V/s, are found to be 12.3, 305,

and 721 F g21, for the pristine SnO2 nanoparticles, pristine PANI

nanotubes, and PANI–SnO2 nanocomposite electrodes, respec-

tively. The increase in the capacitance value of the PANI–SnO2

nanocomposite is in well agreement with Figure 4(d). The

observed supercapacitance value is superior than that of recently

reported values for various PANI and SnO2-based composites

like, carbon embedded PANI, graphene/PANI nanofiber compos-

ite, SnO2@C nanocomposite, PANI coated carbon fibbers cloth,

RGO/MoO3/PANI ternary composite films, and PANI/tin oxide

hybrid.10,11,16,19–24 The observed improvement in the capacitance

value of the PANI–SnO2 nanocomposite is attributed to enhance-

ment in the effective surface area of the PANI–SnO2 nanocompo-

site. The presence of SnO2 nanoparticles on the PANI nanotubes

increases the surface area of the electrode and, simultaneously

helps to decrease the path lengths for the ion exchange between

electrode and electrolyte. The possible directions of the electrolyte

ions for SnO2, PANI and PANI–SnO2 nanocomposite electrode

materials are depicted in Scheme 2.

The Figure 5(b) depicts capacitance versus scan rate characteris-

tic of the SnO2, PANI, and PANI–SnO2 nanocomposite electro-

des. In every case the capacitance value is observed to decrease

Figure 4. CV curves of different electrodes (a) pristine SnO2 nanoparticles (b) pristine PANI nanostructures and (c) PANI–SnO2 nanocomposite,

recorded at different scan rates. (d) The CV curves of pristine SnO2, pristine PANI and PANI–SnO2 nanocomposite recorded at lowest scan rate of 0.005

V/s. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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with increase in the scan rate. For the pristine SnO2 and PANI

films, the energy density is calculated to be �1 and 27 Wh

kg21, respectively. Interestingly, for the PANI–SnO2 nanocom-

posite, high value of energy density, �64 Wh kg21, is observed.

The Figure 5(c) shows a graph of energy density versus scan

rate. For the practical application of the super capacitor, stabil-

ity of the electrode is a key parameter. In the present case, sta-

bility of the PANI–SnO2 nanocomposite electrode has been

tested over 1600 CV cycles at the scan rate of 0.005 V/s. As seen

from Figure 5(d), the capacitance is observed to be stable over

initial 40 cycles, and then it gradually decreases up to 370

cycles, attaining the value �665 F g21. Interestingly, the capaci-

tance value over the rest of cycles is seen to be fairly stable up

to 1600 cycles. The capacitance stability tests were performed at
different scan rates of 0.1 and 0.5 V/s over the duration of 800

cycles. Interestingly, at higher scan rates, the capacitance value
is almost stable over the 800 cycles [Figure 5(d)]. The capaci-
tance retention values are found to be 92, 96, and 97% for the
scan rates 0.005, 0.1, and 0.5 V/s, respectively.

The GCD is a simple technique to assess applicability of the

capacitive material. In case of the PANI–SnO2 nanocomposite,

the charge–discharge cycles have been performed at different

current values of 9, 8, 7, 5, and 4 A g21 and are depicted in

Figure 5(e). For all current values, the charging–discharging

curves exhibit inversion mirror symmetry, exhibiting increasing

non-linear behavior with increase in the current density. The

Figure 5. A graph of (a) current versus scan rate (b) capacitance versus scan rate and (c) energy density versus scan rate of SnO2, PANI and PANI–SnO2

nanocomposite films. (d) Capacitance stability at scan rate 0.005, 0.1, 0.5 V/s, (e) charging–discharging curve and (f) impedence spectroscopy of PANI–

SnO2 nanocomposite. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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charging–discharging curves show pseudocapacitive behavior

with excellent electrochemical performance, which are in good

agreement with the observed CV characteristics. The supercapa-

citance values calculated from the charging–discharging curves

are 563, 600, 613, 938, and 1000 F g21, corresponding to cur-

rent density values 9, 8, 7, 5, and 4 A g21, respectively.

Furthermore, impedance spectroscopy is an important tool

employed to reveal the electrical characteristics of electrode–

electrolyte interface. The Nyquist plot of PANI–SnO2 nanocom-

posite electrode recorded in the frequency range from 100 MHz

to 1 mHz for is depicted in Figure 5(f). The Nyquist plot shows

a semicircular arc in the high frequency region and a straight

line at 45� with respect to the real axis in the low frequency

region. The diameter of semicircle indicates charge transfer

resistance (Rct) of the contact interface between PANI–SnO2

nanocomposite and electrolyte. In present studies, the value of

Rct is observed to 20 ohm. The Wurburg resistance (Zw)

obtained from the slope of straight line at 45� is representative

of the ionic charge exchange between electrode and electrolyte.

The total resistance, which is combination of the electrolyte

resistance, intrinsic resistance of electrode material, and contact

resistance, known as series resistance (Re) can be obtained from

the x-intercept of semicircle. From Figure 5(f) the value of Re is

estimated to be �35 ohm. This implies that the addition of

the SnO2 nanoparticles to the PANI matrix enhances electrical

conductivity of the nanocomposite and thus facilitates rapid

charge exchange between nanocomposite and electrolyte.

FE investigations of PANI–SnO2 nanocomposite were performed

in a planar diode configuration at base pressure �1 3 1028

torr. Figure 6(a) depicts the current density versus applied elec-

tric field (J–E) plot of the emitter. Initially, the emission current

is observed to increase slowly at lower applied voltages followed

by rapid increase, for the same increment in the applied voltage.

The exponential nature of J–E plot confirms that the electron

emission is due to quantum mechanical tunnelling of electrons

as per the Fowler-Nordheim (F-N) theory. The turn on field

required to draw an emission current of 1 nA is found to be

�0.73 V/lm, while threshold field required to draw an emission

current density of 1 lA/cm2 is observed to be �0.90 V/lm,

which is lower than the earlier values reported for PANI nano-

tubes as well as PANI/SnO2/Sn/MWNT nanocomposite emit-

ters.30,31 We have observed emission current density of �1.2

mA/cm2 at an applied field of 2.6 V/lm. These field values cor-

responding to the current densities are found to be superior

than that reported for conducting PANI and its nanocompo-

sites.26,28–33 Table I presents the comparison of turn on and

threshold field values of various PANI nanostructures and PANI

nanocomposites. The superior values of the turn on and thresh-

old fields observed in the present studies are attributed to the

enhanced electrical properties of the PANI–SnO2 nanocomposite

(as discussed in earlier section), in addition to their nanometric

dimensions (offering high aspect ratio).

The field emission J–E was further analyzed by using the F-N

equation:33

J5 kM a b2E2=u
� �

exp 2bu3=2mF=bE
� �

where, J is the emission current density at applied average electric

field E, a (1.54 3 1026 A eV V22) and b (6.83 V eV23/2 nm21) are

constants, kM is macroscopic pre-exponential correction factor, mF

(correction factor) is a particular value of the principal Schottky-

Nordheim barrier function v, u is the work function and b is field

enhancement factor. The graph of ln(J/E2) versus 1/E known as the

Fowler-Nordheim (F-N) plot, is depicted as inset of Figure 6(a).

Scheme 2. Plausible directions of electrolyte ions in the (a) SnO2,

(b) PANI, and (c) PANI–SnO2 nanocomposite electrodes. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Figure 6. The FE characteristics of the PANI–SnO2 nanocomposite emitter (a) The emission currents density versus applied electric field (J 2 E) plot,

with F-N plot as the inset and (b)emission current versus time (I 2 t plot) plot, with FE image as the inset. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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The non-linear behavior of the F-N plot is indicative of semicon-

ducting nature of the emitter. Furthermore, in case of a “multi-tip”

emitter (an assembly of nanostructures deposited in thin film form)

various factors, such as electric field screening effect, band bending,

band penetration etc, do affect the nature of F-N plot. Many

researchers have estimated the value of field enhancement factor (b)

from slope of the F-N plot. However, it has been observed that for a

multi-tip emitter the value of b thus obtained is ‘over estimated’. If

one tries to estimate the value of the local field (Elocal 5 bEav) using

the b value obtained from the F-N equation, then the value of Elocal

is found to be very high, an order of magnitude higher than that

required for FE, and thus seems to be “unphysical.” Hence, in the

present studies we have not estimated the value of b.

Along with the FE characteristics, stability of the field emitter is

also one of the important parameters from the application

point of view. In the present case, the emission stability has

been investigated over duration of more than 3 h at preset val-

ues of �0.02 and �0.1 mA/cm2 and the corresponding emission

current versus time (I 2 t) plots are depicted in Figure 6(b). In

both the cases, the noise, i.e., fluctuations in the emission cur-

rent are found to be within 6 10% of the average value. The

“spike” like fluctuations are attributed to the adsorption–

desorption of the residual gas species on the emitter surface.

The FE image recorded at an applied field of 2.6 V/lm is

depicted as the inset of Figure 6(b). The bright FE images com-

prised of large number of tiny spots suggests that the emission

is from the PANI–nanotubes as well as from small clusters of

SnO2 nanoparticles sitting on the polymer nanotubes.

CONCLUSIONS

A Simple two step chemical route is employed to synthesize

PANI–SnO2 nanocomposite. The as-synthesized PANI–SnO2

nanocomposite has been is characterized by various techniques,

including SEM, TEM, XRD, FTIR, and XPS before supercapaci-

tive measurements. The supercapacitance value of the PANI–

SnO2 nanocomposite is observed to be higher, in contrast to

the pristine SnO2 and PANI electrodes. Interestingly, supercapa-

citance of 721 F g21 is observed for PANI–SnO2 nanocomposite

at the scan rate of 0.005 V/s, with high energy density of 64 Wh

kg21. The retention in the capacitance value is observed to be

92% at this scan rate and it increases to 96.68% and 97.6% at

higher scan rates 0.1 and 0.5 V/s, respectively. The charge–dis-

charge characteristics reveal pseudocapacitive nature of the

PANI–SnO2 nanocomposite. The observed values of charge

transfer and series resistances, estimated from the Nyquist plot

are found to be low. The FE characteristics of the PANI–SnO2

nanocomposite emitter are found superior to the earlier reports.

Furthermore the emitter exhibits good emission stability at

�0.02 and �0.1 mA/cm2 over duration of more than 3 h. The

enhancement in the capacitance value and superior FE behavior

exhibited by the PANI–SnO2 nanocomposite are attributed to

the synergic effect of SnO2 nanoparticles and PANI nanotubes.
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