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ABSTRACT: This work involves the synthesis of nanocomposite of Polypyrrole (PPY) with photoadduct {K[Fe(CN);(OH)(en)]} via in-
situ oxidative chemical polymerisation. Photoadduct is synthesized by irradiating equimolar mixture of potassium hexacyanoferrate
(III) and ethylenediamine (en) and is then reduced to nanosize by high energy ball mill. Successful synthesis of nanophotoadduct is
confirmed by elemental analyser, UV-Vis, and FTIR. The nanocomposite of PPY and photoadduct has been characterised by SEM,
TEM, FTIR, XRD, TGA, UV-Vis spectroscopy, I-V characteristics, and dielectric analysis for structural, thermal, optical, electrical,
and dielectric properties. The average particle size of nanophotoadduct and nanocomposite has been found to be 80 and 84 nm,
respectively. The thermal stability of nanocomposite is enhanced. The nanocomposite shows high value of dielectric constant (5 X
10% at10® Hz) and ac conductivity (7.0 X 10® Sm™" at 10° Hz) as compared with pure PPY. The high value of dielectric constant can
make the material suited for energy storage applications. The nanocomposite shows higher photocatalytic activity as compared with
pure PPY and a high value of distribution coefficient (K;) has been obtained for Pb%", Zn®", and Cd*" ions, hence, can act as an
efficient material for removal of dyes and heavy metal ions in waste water. Thus, photoadduct of K;[Fe(CN)4] and ethylenediami-
ne(en), a new kind of filler, has succeeded in improving the properties of PPY with respect to thermal stability, high dielectric con-
stant, high ac conductivity, efficient photocatalytic activity, and high K, value for toxic metal ions. © 2016 Wiley Periodicals, Inc. J. Appl.
Polym. Sci. 2016, 133, 43487.
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considerable interest due to their incredible properties, which
arises from the synergism between the properties of their constit-
uent phases.® Thus, conducting polymers have been explored in
multidimensional ways and method.

INTRODUCTION

Conducting polymers have become the subject of immense inter-
est among material and academic researchers for the last few dec-
ades because of their interesting electronic, optical, and magnetic

properties.” However, to tune the properties of these conducting
polymers, composite science is essential. In this direction inor-
ganic—organic composite materials have attracted intensive
research, because of their potential to combine desirable proper-
ties of different constituent phases.” Organic part of composite
imparts mechanical and chemical stability, whereas inorganic
part of the composite supports the thermal stability, ion—
exchange behavior, and electrical conductivity.” Ahead of this,
nanomaterial synthesis and study, constitute an emerging subdis-
cipline in this conducting polymer area.* This class of new mate-
rials have numerous commercial and technological applications
including analytical chemistry, drug delivery, bioencapsulation,
optical, and electronic devices.” The creation of organic/inorganic
nanocomposite with unique physical properties has attracted
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Among these polymers, PPY is much studied polymer because
of its unique properties, excellent environmental stability, ion
exchange property, nontoxicity, low cost, and potential applica-
tions in electronic devices.”” To amplify the applicability of
PPY, various properties such as electrical, thermal, mechanical
and electrochemical properties have been modified by incorpo-
rating nanostructured materials.'® For example from literature
survey, in PPY-NT/Ag nanoparticle nanocomposites, Ag nano-
particles have been found to enhance thermal stability, dielectric
constant, and ac-conductivity of PPY."' PPY—Fe,O; nanocom-
posite has been found to absorb microwave radiations.'* The
conductivity of PPY/Au nanocomposite has been found to be
126 S cm~ "> PPY/Lanthanum strontium manganite oxide
nanocomposite shows higher charge storage capacity than pure
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PPY." Incorporation of MWCNTs in the PPY matrix has been
found to highly influence and enhance the electrical properties
of the PPY matrix.'” PPY/TiO, nanocomposite has been
reported to show good photocatalytic activity for the degrada-
tion of methyl orange (MO) dye.'® Therefore from literature it
is obvious, that the properties of PPY can be tuned by the for-
mation of nanocomposite with different fillers. The aim of this
article is to synthesise a nanocomposite of polypyrrole (PPY)
with nanophotoadduct of photoactive transition metal complex,
namely, potassium hexacyanoferrate(IIl) and ethylenediamine
ligand. Since photoadduct contains both organic and inorganic
ligands, it can act as potent filler. Potassium hexacyanoferra-
te(I11) has been chosen for its good photochemistry.'”™'* Ethyl-
enediamine being a chelating ligand and good sigma donor can
impart interesting properties in the photoadduct which in turn
can retain in the nanocomposite. The material has been sub-
jected to various characterization techniques. Thermal, electrical,
dielectric, photocatalytic activity, and sorption study is reported
in this article.

EXPERIMENTAL

Chemicals

Pyrrole was supplied by Himedia and was used after distillation.
K;[Fe(CN)s] and anhydrous ferric chloride was supplied by
Fischer scientific. Ethylenediamine was supplied by Loba chemi-
cals. All the reagents used were of analytical grade. All solutions
were prepared in triply distilled water.

Physical Measurements

UV-Vis spectra were taken on double beam spectrophotometer
(PG instruments T80). UV-Visible spectra of PPY and its nano-
composite were taken in DMSO solvent. FTIR spectra were
recorded on Perkin Elmer RX — 1 FTIR spectrophotometer
using KBr pellets. Irradiation was done with Osram UV photo-
lamp. Surface morphology of the samples was taken on Hitachi
FE - SEM Model S — 3600 N. X-ray diffraction was recorded on
PW 3050 base diffractometer with Cu-Ka radiations
(A =1.54060 A). TEM was carried out with JEOL JEM-2100.
For the sample preparation of TEM, a small amount of the
powders was dispersed in few millimetres of ethanol through 30
min bath sonication. Thereafter, the dispersion was drop casted
onto the copper grid. The samples were dried in a vacuum oven
at ambient temperature for TEM characterizations. TGA/DTA of
the samples was done using SDT Q 600 V 8.3 build 101 instru-
ment in N, atmosphere at a heating rate of 10°C min~'. An
aluminum pan was used as a reference. Dielectric study was car-
ried out using Agilent 4285 A precision LCR meter in the range
of 20 Hz—1 MHz. For this purpose the samples were com-
pressed in the form of circular pellets by applying a pressure of
10 tons and coated with silver paste prior to electrical measure-
ments. The thickness and diameter of the pellets were 2.35 and
10 mm, respectively. Photocatalytic study was carried out using
Mercury-Xenon arc lamp and the experiments were carried out
in dark.

Synthesis of Nanophotoadduct

To synthesise nanophotoadduct of K;[Fe(CN)g], photolabilisa-
tion of ligands in K;[Fe(CN)¢] and their subsequent substitu-
tion with other ligands was carried out using Osram photo
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lamp. For this purpose an equimolar mixture of K;[Fe(CN)g]
and ethylenediamine was dissolved in water and irradiated for
half an hour using Osram photolamp. The whole process was
carried out in dark. Color of the mixture changed from yellow
to greenish. The mixture was concentrated on water bath and
cooled to room temperature. The product obtained was recrys-
tallized for purification using water as solvent.Greenish colored
crystals separated out which were subjected to various spectro-
scopic and surface characterizations. Obtained photoadduct was
milled in high energy ball mill (PM 100) using 30 zirconium
balls of 5 mm size for 16 hr at 450 rpm. The reduction of pho-
toadduct to nanosize was confirmed from XRD and TEM.

Synthesise of PPY/Nanophotoadduct Composite
Nanocomposite of PPY with nanophotoadduct was synthesized
by oxidative chemical polymerization using FeCl; as oxidant in
nonaqueous medium. Solution of 0.055 mol FeCl; in 180 mL of
chloroform was added to the stirring solution of 0.022 mol (in
70 mL chloroform) of distilled pyrrole monomer in a drop wise
fashion. One gram of nanophotoadduct was then added to this
mixture as filler for nanocomposite formation. The mixture was
kept stirring for 24 h so as to disperse nanophotoadduct in the
polymer solution. After 24 h of stirring black colored precipitate
of nanocomposite was obtained after filtration which was then
washed with methanol in order to remove remaining monomers
and oxidants. The black powder was then dried in oven at 40—
50°C for 4 h.

Photocatalytic Activity

The photocatalytic efficiency of the PPY and nanocomposite of
PPY with nanophotoadduct was studied for degradation of MO
dye in presence of UV-Vis light using Mercury-Xenonarc lamp
with the range of wavelength from 250 to 580 nm. The power
of the lamp used was 470 watts. The distance between the lamp
and the sample was about 12 cm. The intensity of the light near
the solution surface was about 260 mW cm ™ 2. PPY (0.4 g) and
nanocomposite was suspended into the 50 ppm aqueous solu-
tion of MO (200 mL). Before exposing the suspension to UV—
Vis irradiation, they were stirred in dark for 40 min to attain
adsorption—desorption equilibrium. Then, the suspension was
irradiated under Mercury-Xenon arc lamp. At the given time
intervals small aliquots from the suspension were taken out and
separated by centrifugation. The absorbance of MO solution
was then recorded at a wave length of 500 nm using double
beam spectrophotometer (PG instruments T80).

Sorption Study

Various 100 mg portions of the exchanger in H™ form were
taken in Erlenmeyer flasks and 20 mL of different metal nitrate
solutions in the required medium were added to each flask.
After continuous shaking for 6 h, the flasks were kept for 24 h
in a temperature—controlled incubator shaker at 25°C to attain
equilibrium. The amount of metal ions (PbH, Zn*t, and
Cd*") in the solution before and after equilibrium, were deter-
mined by titrating against standard 0.001 M EDTA solution.
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Figure 1. UV-Visible spectra of: (A) aqueous solution of K;[Fe(CN)g] and ethylenediamine(en) (a) before irradiation and (b) after irradiation; (B) UV—
Visible spectra of (a) PPY and (b) nanocomposite; (C) Tauc plot for determination of band gap (a) PPY (b) nanocomposite. [Color figure can be viewed

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

RESULTS AND DISCUSSION

Elemental Analysis

The complex formed between K;[Fe(CN)g] and ethylenediami-
ne(en) by photosubstitution process was analysed for C, H, and
N and the empirical formula proposed for the complex was
found to be K[Fe(CN);(OH)(en)]. The observed percentage of
C, N, and H are 23.69, 26.74, and 3.45%, respectively, against
the calculated percentages C = 24%, N =28%, and H = 3.6%.

UV-Visible Characterization

When aqueous K;[Fe(CN)4] solution was irradiated with UV or
visible light, Fe’* and HCN was produced with increase in pH
of solution. The pH of equimolar solution of K;[Fe(CN)¢]and
ethylenediamine was found to be 8.9 and 11.3 before and after
irradiation, respectively. This increase in pH shows the success-
ful photoaquation.'” The irradiation results in the expulsion of
cyanide ligands, which is replaced by aqua ligand as per the fol-

lowing reaction.”**'

T FHCN+OH™

[Fe(CN),]*™ = [Fe(CN);H,0]
To confirm the expulsion of cyanide ligand from the
K;[Fe(CN)s] and its subsequent substitution by ethylenedia-
mine, UV-Vis spectra was recorded before and after irradiation.
As shown in Figure 1(A-a), the peaks observed before irradia-
tion are at 245 and 435 nm, which are attributed to LMCT
transitions.'® These peaks show a shift after irradiation by
appearing at 235 and 450 nm, respectively [Figure 1(A-b)].Thus
a spectral change has occurred, which indicates ligand substitu-
tion.'®*? Gloves, eye protection, and protective clothing should
be worn during the synthesis of photoadduct.

UV-Visible Spectroscopy of PPY and Nanocomposite

Figure 1(B-a,b)] shows the UV-Vis spectra of PPY and its nano-
composite. The UV-Vis spectra of PPY shows a major absorp-
tion peak at 409 nm, which can be assigned to n-7* inter band
transitions.”> This peak is red shifted to 420 nm in case of
nanocomposite. This shift reflects the interaction between pho-
toadduct and PPY chains in nanocomposite. Moreover, a
shoulder at 288 nm and a hump called as broad free carrier
band, from 600 to 850 nm is also observed. The peak at
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288 nm is because of photoadduct since it shows its appearance
in pure photoadduct at 235 nm. This shift reflects the interac-
tion between photoadduct and PPY chains in nanocomposite.
This is also supported by TEM micrographs. Since the material
absorbs light in three major portions of electromagnetic spec-
trum, that is, ultraviolet, visible, and near IR regions, it can be
efficiently used as a coating material on photoelectric material.

The energy band gap of polypyrole and its nanocomposite has
been calculated with the help of absorption spectra using Tauc’s
relation.**

ahv=A[hv-E,|" (1)

where hv is energy of photon, h is planck’s constant, o is
absorption coefficient, E, is optical energy gap, A is the con-
stant, n is the index describing the electron transition process,
which is related to density of states. It possesses discrete values,
namely, 1/2, 3/2, 2, and 3 for direct allowed, direct forbidden,
indirect allowed and indirect forbidden transitions.”” From the
plot of (ahv)” versus hv a linear fit has been obtained for n =2,
thus indicating the transition to be indirect allowed in both
PPY and nanocomposite. Optical band gap has been obtained
by extrapolation of straight line to (ahv)? = 0. Figure 1(C-a,b)
shows the Tauc’s plot of PPY and nanocomposite. Band gap for
PPY and nanocomposite comes out to be 2.73 and 2.67 eV,
respectively. This value of optical band gap shows the dielectric
nature of material.

FTIR Characterization

FTIR spectra of K;[Fe(CN)], nanophotoadduct, PPY and nano-
composite are shown in Figure 2. FTIR of K3[Fe(CN)g] exhibit
peaks at (3464 and 1630 cm™ '), (2118, 2076, 2043) cm ™', and
511 cm™ ', which are attributed to v (OH) of lattice water (sym-
metric and antisymmetric), 6(H—O—H), v(C=N), and v
(Fe—CN) vibrational modes, respectively.26 The FTIR bands
observed for the photoadduct of K;[Fe(CN)q] and ethylenedia-
mine confirms the formation of photoadduct by showing char-
acteristic peaks at (3582, 3430, and 3048), (2445, 2480, and
2508), 2041, 1619, 1517, (1387, 1320), 1256, 1158, 1106, 1063,
985, 822, 783, and 585 cm™ !, which are attributed to N—H
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Figure 2. FTIR spectra of (a) K;[Fe(CN)g], (b) nanophotoadduct, (c)
PPY, and (d) nanocomposite. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

stretching, C—H stretching, C=N stretching, NH, bending,
CH, bending, CH, wag, NH, wag, CH, twist, NH, wag, C—N
stretching, NH, twist, C—C stretching, CH, rock, and Fe—CN
stretching, respectively.”” Moreover, the vibrational band due to
N—H stretching vibration has become broad due to the pres-
ence of O—H vibrational band.

PPY exhibit characteristic peaks at 3391, 1536, 1444, 1297, 1041,
784, and 606 cm ™', which are attributed to v (N—H), v (C—C),
v (C=C), v (C—N), C—N in plane deformation mode, C—H
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and N—H in plane deformation vibration and C—H outer
bending vibrations, respectively.”® The insertion of photoadduct
in the PPY matrix is evident by the appearance of a peak at
2083 cm” !, which is due to v (C=N). This peak appears at
2041 cm™' in the nanophotoadduct with a strong intensity.
This decrease in intensity and shifting of absorption peak by
40 cm™ ! indicates the interactions of nanophotoadduct with
PPY. Further the insertion of photoadduct in PPY is also evi-
dent by appearance of absorption peaks due to ethylenediamine
with some shifts.

Thus from the discussion of FTIR of K;[Fe(CN)4], nanopho-
toadduct, pure PPY and the nanocomposite of PPY with
synthesized nanophotoadduct, the successful formation of pho-
toadduct and its nanocomposite is evident.

XRD Characterization

XRD was recorded on PW 3050 base diffractometer with Cu Ko
radiations (1.54060 A). The XRD data has been analysed using
powder X software. Figure 3(a—c) represent the XRD pattern of
PPY, nanophotoadduct and nanocomposite. PPY shows a hump
at 20 = 30° which shows amorphous nature.”* XRD of nano-
photoadduct shows sharp peaks, supporting crystalline struc-
ture. The XRD of nanocomposite shows the sharp peaks owing
to the presence of nanophotoadduct in the polymer matrix. The
presence of sharp intense peaks reflects more ordered arrange-
ment in nanocomposite.”® Moreover, a prominent peak at 20
value of 30.7°, being a characteristic peak of photoadduct is
observed in case of nanocomposite at 20 value of 30° with a
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Figure 3. XRD of (a) PPY, (b) nanophotoadduct, (c¢) nanocomposite, and Williamson-Hall plot of (d) nanophotoadduct and (e) nanocomposite. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table I. Parameters Evaluated from XRD of Nanophotoadduct of Potassium Hexacyanoferrate(III) and Ethylenediamine

h K L Theta (obs) d (exp) d (cal) Intensity
2 1 1 10.65421 4.16204 415915 58.8

3 2 1 15.38253 2.90181 2.90478 64.1
=5 0 1 16.03067 2.7874 2.78736 168.1
4 1 2 20.33726 2.21521 2.21497 32.0

3 4 1 21.63415 2.08830 2.08746 13.7

1 5 2 25.41409 1.79416 1.79438 10.8

slight shift due to interaction between PPY and photoadduct.
Thus, on comparing PPY with nanocomposite, the appearance of
distinct peaks shows the successful formation of an ordered
nanocomposite.The lattice parameters have been calculated after
refinement. The unit cell volume and R factor for nanophotoad-
duct comes out to be 1150.23972 and 0.00044, respectively,
whereas for nanocomposite it is 1129.61263 and 0.00058, respec-
tively. The value of calculated d spacing is in agreement with the
experimental d spacing as shown in Tables I and II, respectively.

Moreover from the XRD of nanocomposite, it is clear that the
photoadduct retains the monoclinic structure of potassium fer-
ricyanide in the nanocomposite (JCPDS Number 83-2107), as
the peaks observed for photoadduct appear in the XRD of
nanocomposite, however, with some shifts.

Crystallite Size and Strain
The average crystallite size of nanophotoadduct and nanocom-
posite was calculated using Scherrer’s formula.”

D=KJ,/f cost (2)

where D is crystallite size, K=shape factor (0.89), and
A = wavelength of Cu k, radiation (1.54 A®). f§ is full width at
half maximum and 0 is the Bragg angle. From the calculations
the average crystallite size of the nanophotoadduct and nano-
composite are found to be 20.398 and 24.833 nm, respectively.
To find the relative contribution of particle size and lattice
strain in the broadening of the XRD peaks, Williamson-Hall
plot as shown in Figure 3(c,d) has been constructed. The
Williamson-Hall equation is

p cos@=kh/D+4esinb. (3)

where f§ is the full width at half maximum, k is Scherrer’s con-
stant; D is crystallite size, 4 wavelength of X ray, € lattice strain,

and 0 Bragg angle. § Cos0 is plotted against 4 Sin0 along Y and
X axis, respectively, as shown in Figure 3(d,e) for nanophotoad-
duct and nanocomposite, respectively. Linear fit is applied to
this plot, the crystallite size was estimated from the y- intercept
kA/D and the strain (&) was estimated from the slope of the fit.
The scattering of points and hence poor fitting of the plots can
be attributed to the anisotropy of the materials.’* The size and
microstrain obtained from W-H method are depicted in Table
III. The size obtained using scherrer equation is less than that
computed by Hall-Williamson method equation. This is attrib-
uted to the fact that the Scherrer equation does not take into
consideration the effect of lattice strain and instrumental factors
on peak broadening.”® The crystallite size of nanocomposite
obtained from both Scherrer equation and W-H plot method is
more than the crystallite size of nanophotoadduct which can be
due to agglomeration of nanocomposite particles. In addition,
it can be due to the encapsulation of photoadduct by polymer
matrix.

Surface Morphology

Surface morphology of PPY, nanophotoadduct, and nanocom-
posite is shown in Figure 4(a—c). SEM micrograph of PPY
shows lumps with lot of grooves. This shows the amorphous
nature of PPY. SEM micrograph of nanophotoadduct shows
compact small pellet like structure. From the SEM micrograph
of nanocomposite, the presence of nanophotoadduct is well evi-
dent, which supports successful synthesis of nanocomposite.

TEM images of PPY, nanophotoadduct and its nanocomposite
are shown in Figure 5(a—c). PPY shows the presence of inter-
connected network like structure while nanophotoadduct shows
agglomerated particles [Figure 5(a,b)].The TEM image of nano-
composite, however, shows the encapsulation of nanophotoad-
duct particles by PPY chains indicating the formation of

Table II. Parameters Evaluated from XRD Data of Nanocomposite of PPY with Nanophotoadduct of Potassium Hexacyanoferrate(III) and

Ethylenediamine

H K L Theta (exp) d (exp) d (cal) Intensity
0 2 1 10.27584 4.31493 4.31661 162.7
-4 0 1 1291221 3.44516 3.44644 84.3
-2 8 1 14.95150 2.98414 2.98324 328.2
-4 3 1 18.48408 2.42867 2.43071 82.7
—l 4 2 20.63823 2.18467 2.18603 265.6

5 2 1 21.31181 2.11872 2.11870 169.6
=5 4 2 24.96491 1.82455 1.82342 73.9
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% nanocomposite. Average particle sizes obtained from TEM
= 0 image of nanophotoadduct and nanocomposite are found to be
% = x S 80 and 82 nm, respectively. Moreover, the selected area electron
diffraction (SAED) patterns of the nanophotoadduct and nano-
composite shows the presence of bright diffraction spots. The
o presence of bright spots in SAED pattern thus confirms the
S crystalline nature of photoadduct and nanocomposite.”
g'g Whereas SAED pattern of PPY depicts its amorphous nature,
E 2 | o N owing to the absence of bright sppts. Presence of bright spots in
F @ |0 @ SAED pattern of nanocomposite also supports the results
obtained from XRD.
Thermal Analysis
USO,_\ Thermogram of nanophotoadduct and its nanocomposite are
%E © shown in Figure 6(a,b), respectively. Thermogram of PPY is
=3 lad ~ showing 3% weight loss soon after the ambient temperature
e due to the removal of moisture. Then, the thermogram is stable
g up to 200°C, where from a steep decomposition takes place,
2. which results in the weight loss of about 97% corresponding to
% 2 = the decomposition of whole PPY.*’ The decomposition stops at
% Tﬁ“ £12 F 580°C, where the residue left behind is zero. The thermogram
5 cRlo o of photoadduct is showing three transitions. The first transition
g Q@ o starts from ambient temperature to 100°C is due to the loss of
g water and two NH, moieties. The second transition that starts
3 from 101 to 200°C with a mass loss of 21% corresponds to the
é ° a o removal of two cyanide moieties. The third transition starts
gl = E18 & from 600 to 900°C is due to removal of hydroxide, two CH,
= S lg S moieties and one mole of KCN and rest is the residue left. The
bS] DTG curve reflects all the three transitions observed in thermo-
§ gram. Furthermore, in all the transitions the observed weight
2 o o loss is in accordance with the calculated weight loss. Figure 6(b)
§ T '5 shows the thermogram of nanocomposite. Thermogram shows
2 o T o T decomposition in three stages. The first stage of decomposition
;‘} O aNe starts from ambient temperature to 100°C, which may be
3 z g = g attributed to the loss of absorbed water and unreacted mono-
4 8 olcl) 8 oltl) mer. The second stage starts from 100 to 200 °C, which is due
E g o= 0 = to the loss of ligand moieties from the photoadduct. Then
s 2 . < | nanocomposite undergoes slow thermal degradation up to
e ® SRS 550°C. The third stage of decomposition starts from 550°C
§ EL % % % % occurs steeply and is due to the degradation of polymer chain.
| Dl ® A On comparing the thermogram of PPY and its nanocomposite,
g = T o|c|> T Olcl) it is clear that PPY undergoes complete decomposition at 580°C
£ S |® o oo with 0% residual behind, while in case of nanocomposite, the
2 weight loss at 580°C is 58% only. This indicates the enhanced
i thermal stability of nanocomposite in comparison to pure PPY.
5 o |2 g It is clear that induction of nanophotoadduct has increased the
g © Ei § Tg compact nature of the nanocomposite, due to which the degra-
i = 315 5 dation of PPY chain is supressed, thus leading to the increase in
S o6 |= = decomposition temperature.
% Electrical Measurements
£ » I-V characteristics of PPY and nanocomposite were recorded at
& é o room temperature as shown in Figure 7(a,b). The plots are
£ e 2 found to be linear and hence show ohmic behavior. From the
5 % g measured -V characteristics of the sample the values of electri-
= = ‘é_ § cal conductivities have been found at room temperature. Fol-
= 2| g S lowing relation has been used for the determination of electrical
£ ol = conductivities.
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Figure 4. SEM micrographs of (a) PPY, (b) nanophotoadduct, and (c) nanocomposite. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

o=[(IXL)/(VXA)] (4)

where I is the current, V the voltage, L the thickness, and A the
cross-section area of sample.”> The conductivity observed by
four probe conductivity meter in case of PPY was found to be
5.38 X 10°7 S cm™ !, which has increased in case of nanocom-

posite to the level of 2.1 X 107 S cm™'. This increase in con-
ductivity can be attributed to the strong interfacial interactions
between the PPy matrix and nanophotoadduct, as suggested by
UV-Vis, FTIR, and XRD studies. These intermolecular interac-
tions change the compact coil structure of PPY matrix to an

No. of particles

500 nm 0

Averege partcile size D= 80 nm
R o™

photoadduct

Particles size(nm)

120 160

Average paricles size U_= ¥Znm

Number of particles
“

1

nanocomposite

1 1

100 120 140 160

60
Particle size (nm) EH=

Figure 5. TEM micrographs of (a) nanophotoadduct, (b) PPY, (c) nanocomposite, and SAED of (d) PPY, (e) nanophotoadduct, and (f) nanocomposite.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Maﬁ‘%},& WWW.MATERIALSVIEWS.COM
1

43487 (7 of 12)

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43487



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

ARTICLE WILEYONLINELIBRARY.COM/APP Applied Polymer
55 ] i : : : X ! "o |10 20Hz-1MHz. Figure 8 shows variation of permittivity both €’
5.0 L 180 (real part), €’ (imaginary part), dielectric loss (tan 0), and ac
a5 - 140 conductivity (o,.) with the frequency of applied electric field.
40 [ 1 5 The parameters have been calculated by using following

€351 1009 relations

30 [ g /= ¢
284 o & 7CPd/8 A (5)
20 kg &'=¢ tan (6)

- 20
1.5 . ] . E . ) - & O’aCZZTLVSH (7)
100 200 300 400 500 600 700
Témparature *¢ where C, is the capacitance, d is the thickness of sample, €° is
80— the permittivity of the free space (e°=8.854 X 10~ "*Fm™ '),
e and A is the effective area.

4] fsa Dielectric Constant

= [ 200 Figure 8(a,b) shows the variation of real and imaginary part of

E 3.0 - . . . .

= - the dielectric constant of nanocomposite of PPY with nanopho-
e I toadduct. The nanocomposite shows the dielectric dispersion.
' [ as The real part of dielectric constant decreases rapidly with
oo [ = increase in frequency in low frequency region while it shows
' almost frequency independent behavior at high frequency

T T T T T T
100 200 300 400 500 800
Temperature C

700 800 900
Figure 6. TGA/DTG of (a) nanophotoadduct and (b) nanocomposite.

[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

expanded coil like structure. This uncoiling/stretching of polymer
chain caused due to strong interfacial interactions between PPY
matrix and nanophotoadduct tends to reduce n-conjugation
defects in the polymer backbone and thus promotes linear confor-
mation, which is necessary for crystallisation.*® The degree of crys-
tallinity of the polymer is thus increased, which ultimately leads to
an enhancement in the conductivity of nanocomposite. One other
reason for enhancement of conductivity could be the introduction
of effective conductive paths to polymer matrix. The increase in
crystallite size on formation of nanocomposite can be due to the
encapsulation of nanophotoadduct by the polymer.

Dielectric Study

Dielectric response of synthesized nanocomposite of PPY has
been carried out by Agilent 4285A precision LCR meter as a
function of frequency of the applied ac field in the range of

(a)

(=2}
T

Current X 1(3!'6
H
T

" 1 " L " 1 " 1 " 1 i
0 1 2 3 4 5 6
Voltage

region. The imaginary permittivity as shown in Figure 8(b) also
shows the similar behavior with the applied frequency. The
dielectric constant of material depends on different types of
polarization, namely, dipolar, electronic, atomic, and space
charge polarization. A significant increase in the value of real
and imaginary value of dielectric constant has been observed in
nanophotoadduct doped PPY as compared to pure PPY.*” This
can be attributed to the orientation and interfacial polarisation
due to the presence of K[Fe(CN);(OH)(en)] nanocrystals in the
polymer matrix. The interfacial polarisation arises due to heter-
ogeneous nature of nanocomposite, as the two phases of nano-
composite differ from each other in dielectric constant and
conductivity.”® Since the conductivity of the PPY matrix and fil-
ler is different, the mobility of charge carriers occurs more eas-
ily and randomly and these charge carriers get trapped at phase
boundaries which lead to increase in dielectric constant (Max-
well Wagner interfacial model). These polarizations are opera-
tive at low frequencies. At low frequencies, the dipoles follow
the field rapidly and therefore dipolar polarisations have maxi-
mum values and hence high value of dielectric constant (5 X
10° at10® Hz). The decrease in dielectric constant with increase

1.50

(b)
126

-
o
o
T
>
>

Current X 107
o
-~
o
T
»
»

0.50 |- re

025 | N

Voltage

Figure 7. I-V characteristics of (a) PPY and (b) nanocomposite. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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Figure 8. Variation of (a) real permittivity, (b) imaginary permittivity, (c) tangential loss, and (d) ac-conductivity with frequency. [Color figure can be

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

in frequency is due to the decrease in orientation polarisation.
The dipole orientation cannot keep up with the alternating
field, the polarization direction is unable to remain aligned with
the field and this polarization ceases to contribute to the polar-
ization of the dielectric. The high value of dielectric constant
obtained in the present material can be used to act as capacitor
and hence in turn can be used for energy storage applications.

Dielectric Loss

Figure 8(c) shows the variation of dielectric loss with the
applied field at room temperature. The dielectric loss is the dis-
sipation of energy through the movement of charge carriers in
an alternating electromagnetic field as polarization switches
direction. Dielectric loss is especially high around the relaxation
or resonance frequencies of the polarization mechanisms as the
polarization lags behind the applied field. This causes an inter-
action between the field and the dielectric’s polarization that
result in heating. The tan J in the nanocomposite has been
found to decrease with increase in frequency. The frequency
dependence of tan § shows an anomalous behavior. A relaxation
peak appears at higher frequency followed by subsequent
decrease. This distribution of relaxation time is generally attrib-
uted to the difference in environments surrounding the different
ions in the condensed material.”> The condition for obtaining a
maximum in the dielectric loss tangent of the material is given
by the relation as shown below.
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wt=1 (8)

where = 2nf and 7 is relaxation time. Relaxation time is related to
the jumping probability per unit time by the relation (9) and (10)

t=1/2p 9)
OT frnax Tp=1 (10)

Thus, from the above relation it is clear that the Debye relaxa-
tion process occurs when the jumping or hopping frequency of
polarons and bipolarons approximately becomes equal to the
applied field. At frequencies above 10° Hz the losses are found
low, which identifies the possible application of this nanocom-
posite in high frequency device applications.

Ac Conductivity

Figure 8(d) shows the variation of ac conductivity (g,.) with the
applied frequency at room temperature. The ac conductivity has
been found to increase with increase in frequency. However, a
peaking nature has been observed at around 10* Hz, this can be
attributed to the presence of Debye relaxation peak as observed
in dielectric loss [Figure 8(c)]. The total conductivity is the sum-

mation of band and hopping parts*® as shown in relation:
o =00(T)+o(w, T) (11)

The first term is the Dc conductivity and the second term is the
ac conductivity. The ac conductivity obeys the empirical
relation.'!
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Figure 9. Plot of decrease in dye concentration C/C, with time in presence of (a) nanocomposite before irradiation. (b) In presence of PPY during irra-
diation. (c) In presence of nanocomposite during irradiation, Bar chart showing the % degradation of (d) MO as such (e) in presence of PPY and (f) in

presence of nanocomposite, respectively. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Gac(w, T)=A(T)w (12)

Where A(T) is a constant generally, dependent on temperature
and “s” is the frequency exponent and generally lies in the range
0<s<1. The frequency exponent “s” has been obtained by plot-
ting Ino,. versus Inw according to eq. (12). The value of “s” lies
in the range of 0 and 1. When “s” =0, the electrical conduction
is frequency independent or DC conduction but for “s” <1 the
conduction is frequency dependent or ac conduction. In our
case, it is 0.1. The frequency dependence can be explained with
the help of Maxwell Wagner heterogencous model.*' The
increase in ac conductivity with applied frequency is because of
the pumping force of the applied frequency which aids in trans-
ferring the charge carriers between the different localized sites

as well as liberating the trapped charges from the different
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trapping centers.’® Thus, we observe a gradual increase in con-
ductivity with frequency.

The most important and interesting observation is that, the ac
conductivity of samples is greater than pure PPY. Vishnuardhan
et al. have reported that the ac - conductivity of pure PPY is
1.26 X 107* Sm™" at 10° Hz** whereas for our sample it is 6.0
X 10® S cm ™' at the same frequency. Furthermore, the conduc-
tivity at 10° Hz is 7.0 X 10® Sm™!, which indicates the forma-
tion of excess charge carriers (polarons and bipolaron) at higher
frequencies. This increase in conductivity of nanocomposite as
compared with PPY can be attributed to the improved micro-
structure on nanocomposite formation. The presence of nano-
photoadduct in nanocomposite increases its orderness, which is
confirmed from XRD and SEM. This orderness leads to an
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improvement in the compactness and molecular orientations of
composite material. The increase in the compactness of the
material results in the improvement of the weak links between
the grains. The coupling through the grain boundary become
stronger and ultimately leads to an increase in macroscopic
conductivity.

Photocatalytic Activity (Photodegradation of MO)
The % degradation of dye is calculated as

o 100

%Degradation= (13)

G
where C, is the initial concentration of dye before illumination
and C, after time .*

During stirring of aqueous solution of MO dye and nanocompo-
site in dark for about 40 min, 5 mL aliquots of sample has been
taken for analysis, which depicts slight decrease in absorption
with time as shown in Figure 9(a). It may be due to the adsorp-
tion of MO dye on the surface of nanocomposite and hence
depicts the development of adsorption—desorption equilibrium.
The extent of degradation of MO dye in presence of PPY and
nanocomposite was 27 and 86.8%, respectively, after 2 h. Anand
et al have reported 45% degradation of MO dye using Mn
doped SnO, nanoparticles irradiated for the time period of
2 h.** This indicates that the synthesized nanocomposite can act
as an efficient photocatalyst for degradation of MO dye. The
enhancement in dye degradation by nanocomposite can be attrib-
uted to the synergistic interaction between PPY and nanophotoad-
duct, which improves the energy transfer. This leads to a higher
concentration of electron/hole pair on the surface of a semicon-
ductor and hence enhancing the photocatalytic activity.*’ The
photocatalytic activity begins with the generation of electron/hole
pair. When, a photocatalyst is illuminated by light with energy
greater or equal to the band gap energy, the valence band elec-
trons can be excited to the conduction band, leaving a hole in the
valence band. Then these electrons and holes are transferred sepa-
rately to the surface of the catalysts and react with the dye
involved, leading to the formation of superoxide radical anions
and hydroxyl radicals. These radicals are the reactive species in
photocatalytic oxidation processes, which are recognized to be the
most powerful oxidising species and hence attack organic material
near the surface of the photocatalyst. A higher charge separation
rate has been found beneficial to form these radicals, which favors
the decoloration of MO.** The improved photocatalytic activity of
nanophotoadduct doped PPY can be due to the introduction of
the energy levels of nanophotoadduct in the conduction band of
PPY. This can act as a mediator of interfacial charge transfer, thus
leading to high separation rate of photoinduced charge carriers.
Another possible reason for enhanced photocatalytic activity may
be due to the large surface to volume ratio.

Several reports show that the rate of photodegradation of dyes
fitted a pseudo first order kinetic model.®

In C;—In Cy=kt

A
In (EO) =kt

where C is the initial concentration and C, is the concentration
at any time (1), k is rate constant in min~". Figure 9(b,c) shows

(14)

(15)
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Table IV. K, Value of Nanocomposite of PPy with the Nanophotoadduct
of [K;Fe(CN)g] and Ethylenediamine

S. No. Metal ion Ky value (mL g™
1 Pb2* 7200

2 Zn°* 2700

3 Cd®* 900

the plot of decrease in dye concentration (C/C,) with time
(min). The plot between C/C, and time (#) for PPY and nano-
composite suggests a pseudo first order reaction as shown in
Figure 9(b,c). The value of k for nanocomposite is 6.8 X 10>
and for PPY is 2.4 X 10>, which clearly indicates the enhanced
photocatalytic activity of nanocomposite as compared with PPY.

Distribution (Sorption) Studies
Distribution coefficient has been calculated by using the follow-
ing relation:

[-F_ V(mL)

Kj=——X
F o M(g)

(16)

where, K, is the distribution coefficient (mL g~'), I is the initial
amount of metal ions in the solution phase, F is the amount of
metal ions finally left in the solution after attainment of equilib-
rium, Vis the volume of the solution, and M is the mass of ion
exchanger (g)." Asif ali ef al. has reported that the K, value of
PPY/Sn (IV) phosphate composite for Pb*>", Zn*", and Cd** in
DMW is 14, 10, and 1 (mL g~ "), respectively.*® Similarly, K,
value of polyaniline/Sn(IV) phosphate composite for Cd** in
DMW is 1169 mL g~ '.*” Whereas, in this study, the K, value of
7200, 2700, and 900 mL g~ ' has been obtained for Pb**, Zn>",
and Cd**, respectively, as shown in Table IV. Hence from the
above study, it is clear that the synthesized nanocomposite can
act as an efficient and potent adsorbent for Pb*", Zn**, and
Cd** ions and thus can act as a promising material for waste
water treatment.

CONCLUSIONS

A photochemical reaction between K;[Fe(CN)g] and ethylenedi-
amine was carried out to synthesize the photoadduct. The syn-
thesized photoadduct was then subjected to ball milling for
16 h in planetary ball mill (PM = 100) using 30 zirconium balls
of 5 mm size to reduce it to nanosize. This nanophotoadduct
was then used in the synthesis of PPY nanocomposite via in-
situ oxidative chemical polymerisation method. Nanodimen-
sions of nanophotoadduct and nanocomposite was confirmed
from XRD. Empirical formula of nanophotoadduct was found
to be K[Fe(CN);(OH)(en)] as confirmed by elemental analysis
and TGA. Successful synthesis of nanophotoadduct and nano-
composite was proved by FTIR, SEM, and XRD analysis. Nano-
composite shows enhanced thermal stability and electrical
conductivity as compared to pure PPY. The enhanced thermal
stability allows the nanocomposite to be used in high tempera-
ture applications. Dielectric study shows that the dielectric con-
stant and ac conductivity has increased by several orders of
magnitude as compared to pure PPY. The large value of dielec-
tric constant enables the material to be used for charge storage
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purposes. The nanocomposite also exhibited good photocata-
lytic activity for MO dye and also shows excellent sorption effi-
ciency for Pb{2+ 7n**, and Cd*" ion in DMW, thus making it
an excellent material for waste water treatment.
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