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The present work focused on the synthesis of neat copolymer (Py-NVK) and ZnO nanocomposite from their pyrrole (Py) and N-vinylcarbazole
(NVK) host monomers and creating new conducting materials (Py-NVK and Py-NVK_ZnO). The choice of neat copolymer and ZnO
nanocomposite was motivated by the unique properties of their host monomers (Py and NVK). The neat and ZnO nanocomposite copolymer

infrared spectroscopy (FTIR).

| was prepared by the sol-gel method using FeCl; as initiator. The structural analyses were performed using field emission scanning |
| electron microscopy (FESEM), high-resolution transmission electron microscopy (HRTEM), X-ray diffraction (XRD) and Fourier transform |
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INTRODUCTION

Conducting polymers (CPs) exploit the delocalization of
n-electrons to transfer charge. They exhibit conductivity in
metallic to semiconductor ranges [1,2]. Chemical, optical and
biosensor applications of CPs, immensely explored for their
electrical and optical traits are reversibly transformed via doping
or dedoping regimes [3-7]. The CPs have evoked much interest
for biosensors as they furnish brilliant resources to immobilize
biomolecules by rapid electron transfer [8]. Gas sensing device
materials are important for biomedical industry, food proce-
ssing, ecological monitoring, efc. [9-13].

Polypyrrole (PPy) is an organic polymer resulting from
the polymerization of pyrrole monomer. Its characteristics were
testified long back in 1968 for superior redox properties, cond-
uctance and simple synthetic routes [14]. Appreciable conduc-
tivity, stable oxidized form, commercial accessibility, water-
solubility and valuable optoelectrical properties render it a
material of choice for advance research [15]. Phenomenal inter-
est has been evoked in electrically-conducting heterocyclic
polymers of which PPy furnishes excellent candidature. Poly-
pyrrole (PPy) is easily accessible through electropolymerization

nevertheless polymerization using oxidizing metal salts has
also been reported [16]. Attempts to copolymerize pyrrole with
other heterocyclic monomers to enhance the product’s conduc-
tion and mechanical qualities have been reported [17].

Poly(N-vinylcarbazole) (PNVK) is the key photoconductive
polymer employed as organic photorefractive material for LED
and photovoltaic applications. Subsequent to the first efficaci-
ous use of PNVK in electro-photographics [18,19] polymers
bearing the carbazole linkage have been studied progressively.
N-vinylcarbazole (NVK) behaves as an excellent reactive mono-
mer in cationic, radical and charge-transfer polymerization
routes [20]. Moreover, NVK is prominently acknowledged for
its thermal steadiness and interesting photo physical performance
[20,21].

Various linkages between the pyrrole and NVK are possible
viz. 2- and/or 5-position of pyrrole and 3- and/or 6-position of
NVK. Pattern of substitution on NVK influences the conduc-
tivity of the consequential copolymer. Polymers with an
extended m-electrons system facilitate electron mobility along
the polymer web. These mt-electrons exhibit very high flexibility,
exploitable for their electrical properties by employing approp-
riate synthetic techniques and modeling to develop conducting
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polymers (CPs) [22-24]. Exclusive characteristics of CPs have
applica-tions in diverse fields viz. anti-static coating [25], design
of light-emitting diodes [26], solar cells [27], electrochromic
instru-ments [28], anti-corrosion coatings [29], drug-release
systems [30] along with chemical sensors and biosensors [31].
To date, several CPs such as polypyrrole (PPy), poly(acetylene),
poly(terthiophene), polythiophene (PTh), poly(fluorine), poly-
aniline (PANI), poly(tetrathiafulvalene), poly(3-alkylthio-
phene), poly(p-phenylene sulfide), poly(naphthalene) and poly-
(para-phenylene vinylene) are used in sensing technologies
[32].

Polypyrrole (PPy) has prominent use in drug transport and
delivery [33], sensors [34] and weathering fortification for
materials [35]. Semiconductor properties of PPy have been
exploited for the electronic components in photo electrochemical
devices [36], OLEDs [37] and self-repairing devices [38], efc.
PPy possesses properties apposite for use in sensors [39],
actuators [40] and immunosensor [41] applications. Poly-(N-
vinylcarbazole) (PNVK) is important for electronic applic-
ations owing to easy processability, environmental steadiness
and virtuous electro-optical properties with operational stability
[42].

Semiconducting metal oxide nanoparticles have been used
in resistive switching applications viz. NiO [43], ZnO [44],
MnO:,[45] and HfO, [46]. ZnO commands attraction for excep-
tional exciton binding energies, exploitable physical character-
istics, chemical steadiness, eco-compatibility, low cost and varied
crystal defects [47]. Nano-ZnO partakes a wide range of appli-
cations viz. nano-laser, LED, gas sensing and heterogeneous
catalysis [48-50]. Additionally, appreciable compatibility to
biological systems and pro-environmental nature of ZnO renders
it a material of choice for electrochemical sensors [51]. Nano
Zn0O morphologies include nanorods [52], nanowires [53],
nanotubes [54], nanoflowers [55], nanoneedles [56] and hollow
spheres [57] as reported. ZnO-nanosheet based graded structures
exhibit appreciable electrocatalysis owing to large surface area
exposing diverse crystal facets [58-60]. Nowadays, the demand
for miniaturization in the design of microelectronic nano-
devices has evoked interest in ZnO nano forms. Nanoparticle
composites with polymers prominently appear in the literature,
such as polyaniline-metal oxide nanoparticle fusions [61], PPy-
Ti [62], PPy-TiO, [63], PPy-Au [64], PPy-Pt [65], PPy-Ag
[66] and PPy-Pd [67].

In this research, an effort has been made to synthesize a
neat copolymer and ZnO nanocomposite (Py-NVK and Py-
NVK_ZnO) from the host monomers (Py and NVK) using
diethyl ether solvent and FeCls initiator by sol-gel method [68].

The consequence of copolymerization on the electrical, electr-
onic and structural properties of neat copolymer and ZnO nano-
composite has been investigated.

EXPERIMENTAL

ZnO nanopowder from Sigma Aldrich (assay 97%), pyrrole
from Spectrochem (assay 99%) and N-vinylcarbazole from
Alfa Aesar, diethyl ether from Fischer-Scientific with stated
purity of 98% were used to prepare the neat copolymer and
the ZnO nanocomposite. The synthesized neat copolymer and
ZnO nanocomposite was washed using HCI and methanol from
Fischer-Scientific with stated purity of 38% and 99%, respec-
tively. Toluene was from Fischer-Scientific (assay 99%) used
for refluxing of synthesized neat copolymer and ZnO nano-
composite. Ferric chloride used was from Fischer-Scientific with
stated purity of 96%. All chemicals were used without further
purification.

Preparation of neat copolymer: Two-necked 250 mL
round bottom flask provided with a stirrer and inlet for nitrogen
gas constituted and thermometer the reaction setup. A 0.029
mol of pyrrole, 0.004 mol of FeCl; and 0.029 mol of N-vinyl-
carbazole (NVK) were dissolved in 100 mL diethyl ether solvent.
The reaction was conducted with continuous stirring for 24 h
under nitrogen atmosphere at 28 °C (Scheme-I). The insoluble
black mass of the neat copolymer (Py-NVK) obtained was first
washed with 10% HCl followed by water and boiling methanol.
The copolymer was finally extracted free of PNVK homopoly-
mer, by refluxing with toluene for 1 h. The obtained product
was vacuum dried at 100 °C for 6-8 h.

Preparation of ZnO nanocomposite: The synthetic reac-
tion scheme of ZnO nanocomposite (Py-NVK_ZnO) from their
host monomers (Py and NVK) is shown in Scheme-II. ZnO
nanocomposite was synthesized by the host monomers with
nano-ZnO and FeCl; as initiator by the sol-gel reaction method
[69]. A 250 mL round bottom flask with stirrer and nitrogen
inlet was used to react nano-ZnO (0.01 mol), pyrrole (0.029
mol), ferric chloride (0.004 mol) and N-vinylcarbazole (0.029
mol) dissolved in 100 mL diethyl ether with continuous stirring
under nitrogen atmosphere for 24 h at 28 °C. Insoluble black
mass of ZnO nanocomposite produced was first washed with
10% HCI, then water, followed by boiling methanol and finally
extracted, free of PNVK homopolymers, by refluxing with
toluene for 1 h. Finally, ZnO nanocomposite was dried under
vacuum for 6-8 h at 100 °C.

Characterization: To assess the surface morphology,
structure and functional group orientation, the synthesized neat
copolymer and ZnO nanocomposite was characterized using
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Scheme-I: Preparation of neat copolymer
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FESEM, HRTEM, XRD and FTIR. FESEM was performed on
Nova nano FE-SEM 450 (FEI), while the HRTEM was perfor-
med using Tecnai G2 S-TWIN (FEI) with 200 mesh copper
grids used for sample preparation. X-ray diffractometer pana-
lytical-X-Pert-Pro was used to record X-ray diffractograms.
FTIR was performed using Perkin-Elmer (in KBr pellets) and
cyclic voltammograms were recorded on Potentiostat-Versastat
EG & G 1II Princeton Applied Research Model 273.

RESULTS AND DISCUSSION

FESEM analysis of neat copolymer: Fig. 1(a-f) shows
the surface characteristics of the neat copolymer (Py-NVK)
studied by FESEM at various magnifications. The FESEM of
pyrrole demonstrate close-packed agglomerates of irregular
size, shapes and the presence of small spherical beads distri-
buted uniformly throughout the surface [70]. The morphology
of N-vinylcarbazole (NVK) as layered, homogenous, forming
discrete pieces of irregular shape and size [71]. The FESEM
study of Py and NVK shows many irregularities (voids, micro-
holes and joints), while, the FESEM images of the synthesized
neat copolymer are distinct from host monomers (Py and NVK)
and showed distinctly formed spherical particles. Spherical
particles at various magnifications confirmed the formation
of copolymer i.e., Py-NVK.

2.306 pm

Fig. 1. FESEM micrographs of neat copolymer at different magnification (a) 2 um, (b) 3 um, (¢) 5 um, (d) 10 pm, (e) 20 um and (f) 50 um

FESEM analysis of ZnO nanocomposite: Emission scan-
ning electron micrographs pertaining to ZnO nanocomposite
(Py-NVK_ZnO) was studied by FESEM at different magnifi-
cations. The FESEM images of the ZnO nanocomposite poly-
pyrrole (PPy_ ZnO) clearly depict the even dispersal of ZnO
nanoparticles around the PPy matrix with regular grain size
[Fig. 2(a-d)]. This is also supported by literature reports that
ZnO nanoparticles relate with PPy [72,73]. Similarly, literature
also mentioned that ZnO nanocomposite N-vinylcarbazole
(NVK_ZnO) micro-structure shows nanotubular formations
possessing micrometer length with regular diameter. The shady
portions represent ZnO nanoparticles and the lighter portion
depicts NVK, inferred so, for the electron movement through
the organic and inorganic constituent parts varies markedly
[42]. The porous spherical particles of ZnO entrenching the
polymer matrix enhance the interface interaction. The FESEM
images of the synthesized ZnO nanocomposite (Py-NVK_
ZnO) clearly formed spherical particles, confirmed the synth-
esis of ZnO nanocomposite in compared to the ZnO nano-
composite host monomers (PPy_ ZnO and PNVK_ZnO).

HRTEM analysis of neat copolymer: To obtain more
information on the morphology of neat copolymer (Py-NVK),
HRTEM analysis was performed using copper grid at different
magnifications. As per reported literature, HRTEM analysis
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of pyrrole indicates most of the particles (about 80%) prevailed
as round platelets of size 40-75 nm with some longer particles
of the range 120-220 nm [74] (Fig. 3a-d). Literature also reported
that NVK exhibits an irregular and spherical structure, which
appears to be interconnected, forming a network [71]. The
HRTEM images of the neat copolymer show completely diffe-
rent structures compared to the host monomers (Py and NVK)
and show spherical ball-like structures. The HRTEM findings
support the SEM results by providing the evidence for the exis-
tence of the spherical particles.

HRTEM analysis of ZnO nanocomposite: The HRTEM
micrographs pertaining to ZnO nanocomposite at different
magnifications are presented in Fig. 4a-d. The images are the
indicative of spherical morphology for copolymer furnished
with ZnO nanoparticles, which clearly visibly specifies the ZnO
nanoparticles as the ones with dark colour and those around
the oxide core as copolymer which is about several nanometers
thick. The HRTEM analysis of ZnO nanocomposite indicates
the average size, which complements the FESEM analysis
results.

XRD studies of neat copolymer: Fig. 5 illustrates the XRD
spectrum pertaining to the synthesized neat copolymer (Py-

Fig. 2. FESEM micrographs of ZnO nanocomposite at different magnifications (a) 2 pm, (b) 4 um, (c) 10 pm and (d) 20 um

NVK) as a function of 2. Literature reports the XRD diffrac-
tograms of pyrrole showing broad diffraction peak at 20 =
20.10° portraying the intermolecular spacing and indicative
of amorphous structure of pyrrole. Likewise, the literature on
XRD spectra of N-vinylcarbazole (NVK) report partially
crystalline structure with a peak at 20.8° [75], whereas, the
XRD pattern of the synthesized neat copolymer shows amor-
phous nature and the diffraction signal of 26 value was observed
at 20.18°. Formation of the copolymer was indicated by peak
shift towards 20.18° in comparison to the XRD peaks of Py
and NVK at 20.10° and 20.80° respectively.

XRD studies of of ZnO nanocomposite: Fig. 6 depicts
the XRD diffractogram of ZnO nanocomposite (Py-NVK_ZnO)
as a function of 26. As reported in literature [76,77], the main
peaks of pure ZnO nanoparticles at 20 values of 32° (100),
34.5°(002), 36.0° (102), 47.5° (102), 56.5° (110), 63.0° (103),
66.5°(200), 68.0° (112) and 69.0° (201). In literature, the XRD
diffractogram of pyrrole (Py) has been reported to exhibit broad
peak around 26 = 20.1° indicative of amorphous structure of
pyrrole. The XRD spectrum of NVK revealed a discrete peak
at 20.8°[75]. Similar to it, the XRD spectra of the synthesized
ZnO nanocomposite suggest the amorphous nature with short
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—

Fig. 3. HRTEM micrographs of neat copolymer at different magnifications (a) 20 nm, (b) 50 nm, (c) 100 nm and (d) 200 nm

(d)

Fig. 4. HRTEM micrographs of ZnO nanocomposite at different magnifications (a) 20 nm, (b) 50 nm, (c) 100 nm and (d) 200 nm
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Fig. 5. X-ray diffractogram of the synthesized neat copolymer
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Fig. 6. X-ray diffractogram of the ZnO nanocomposite

range order as the diffraction signals were observed at 16.80°,
26.60°,32.53°,35.31°,39.16°,42.98°,46.16°,55.57° and 64.78°
value of 26. These data are in close agreement with the reported
literature and confirmed by peak shifts of Py, NVK and ZnO
nanoparticles due to mutual interactions in copolymerization.
The results also revealed the formation of ZnO nanocomposite
(Py-NVK_ZnO) as amorphous material with intermittent cryst-
alline nano ZnO characteristics.

FTIR studies of neat copolymer: The FTIR spectrum
pertaining to neat copolymer (Py-NVK) in the wavelength of
4000 to 500 cm™" depicting the distinctive peaks are shown in
Fig. 7. The major peaks for synthesized neat copolymer can
be seen at 3419.21, 1624.22, 1451.84 and 1383.50 cm™, corres-
ponding to C-H asymmetric stretching of aromatic structure,
C=C stretching of vinylidene group, C-N stretching vibration
and =C-N planar vibrations, respectively. The observed FTIR
spectrum of the synthesized neat copolymer is closely similar
to the reported literature [75,78] with the additional appearance
of some distinctive peaks, which confirms the copolymeri-
zation of pyrrole and N-vinylcarbazole.

FTIR studies of ZnO nanocomposite: To ascertain the
chemical structure of the synthesized ZnO nanocomposite (Py-
NVK_Zn0), FTIR spectrum was obtained for 4000-500 cm™
spectral range (Fig. 8). As reported in literature, in 3443 cm™

105
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.--"’"'F.\
1383.50
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'
85 3419.21
0= T T T T L T T T ¥ T ’ T T
500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™')
Fig. 7. FTIR spectrum of the synthesized neat copolymer

region, ZnO nanoparticles exhibit a broad peak pertaining to
the hydroxyl groups [76]. While in the synthesized ZnO nano-
composite, a strong absorption observed at 3404.64 cm™ and
was attributed to the hydroxyl group associated with the polymer
matrix. Shifting of this peak in the spectrum of modified ZnO
nanocomposite (Py-NVK_ZnO) is suggestive that the hydroxyl
group of ZnO interacts with the composite copolymer matrix.
The absorption bands are observed at 2966.16, 1578.42,
1482.96, 1452.09, 1382.39 and 1326.97 cm ™ relate to the C-H
asymmetric stretching for aromatic C-H group, asymmetric
deformation of N-H and C=C, ring vibration of NVK moiety,
stretching vibration of C-N, =CH, deformation of vinylidene
group and C-H in plane deformation of vinylidene group, resp-
ectively. The FT-IR peaks identified in the synthesized ZnO
nanocomposite are consistent with those described in the existing
literature [70,78], while the formation of the ZnO nanocom-
posite was confirmed by the shifting of Py, NVK and ZnO
nanoparticles peaks due to copolymerization and interaction
of ZnO nanoparticles with copolymer and host monomers.
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Fig. 8. FTIR spectrum of the synthesized ZnO nanocomposite
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Conclusion

The neat copolymer (Py-NVK) and ZnO nanocomposite
(Py-NVK_ZnO) was synthesized using the host monomers
(Py and NVK) using FeCl; as initiator by the sol-gel reaction
process. Effective synthesis of the neat copolymer and ZnO
nanocomposite has been confirmed by FESEM, HRTEM, XRD
and FTIR analyses. The FESEM and HRTEM images confirmed
the morphology of synthesized neat copolymer and ZnO nano-
composite depicting the formation of spherical agglomerates.
The XRD and FTIR analyses confirmed the formation of the
neat copolymer and ZnO nanocomposite, compared with their
host monomers, while the synthesized neat copolymer and ZnO
nanocomposite has an amorphous structure with short range
order.

ACKNOWLEDGEMENTS

The authors are grateful to the Advanced Materials
Research Group of Materials Synthesis and Sensor Design
Laboratory, ABV-IIITM, Gwalior, India for providing the Lab
facility for the present research work.

CONFLICT OF INTEREST

The authors declare that there is no conflict of interests
regarding the publication of this article.

REFERENCES

1. T.-H.Le, Y. Kim and H. Yoon, Polymers, 9, 150 (2017);
https://doi.org/10.3390/polym9040150

2. S.C. Raghavendra, S. Khasim, M. Revanasiddappa, M.V.N. Ambika
Prasad and A.B. Kulkarni, Bull. Mater. Sci., 26, 733 (2003);
https://doi.org/10.1007/BF0270677 1

3. Rajesh, T. Ahuja and D. Kumar, Sens. Actuators B Chem., 136, 275 (2009);
https://doi.org/10.1016/j.snb.2008.09.014

4. B. Adhikari and S. Majumdar, Prog. Polym. Sci., 29, 699 (2004);
https://doi.org/10.1016/j.progpolymsci.2004.03.002

5. U. Lange, N.V. Roznyatovskaya and V.M. Mirsky, Anal. Chim. Acta,
614, 1 (2008);
https://doi.org/10.1016/j.aca.2008.02.068

6. M, Bajpai, R. Srivastava, R. Dhar and R.S. Tiwari, Indian J. Mater.
Sci., 2016, 5842763 (2016);
https://doi.org/10.1155/2016/5842763

7. J.-L. Duvail, Y. Long, P. Retho, G. Louarn, L. Dauginet De Pra and S.
Demoustier-Champagne, Mol. Cryst. Liq. Cryst., 485, 835 (2008);
https://doi.org/10.1080/15421400801918260

8. S. Nambiar and J.T.W. Yeow, Biosens. Bioelectron., 26, 1825 (2011);
https://doi.org/10.1016/j.bi0s.2010.09.046

9.  A.R. Hopkins and N.S. Lewis, Anal. Chem., 73, 884 (2001);
https://doi.org/10.1021/ac0008439

10. B.J. Doleman and N.S. Lewis, Sens. Actuators B Chem., 72,41 (2001);
https://doi.org/10.1016/S0925-4005(00)00635-3

11.  G.Jin,J. Norrish, C. Too and G. Wallace, Curr. Appl. Phys., 4, 366 (2004);
https://doi.org/10.1016/j.cap.2003.11.050

12.  A.R. Sadrolhosseini, A.S.M. Noor, M.M. Moksin, M. M.Abdi and A.
Mohammadi, Int. J. Polym. Mater., 62, 284 (2013);
https://doi.org/10.1080/00914037.2012.664209

13.  E.Pringsheim, D. Zimin and O.S. Wolfbeis, Adv. Mater., 13, 819 (2001);
https://doi.org/10.1002/1521-4095(200106)13:11<819::AID-
ADMAR819>3.0.CO:2-D

14. J.H.Burroughes, D.D.C. Bradley, A.R. Brown, R.N. Marks, K. Mackay,
R.H. Friend, PL. Burns and A.B. Holmes, Nature, 347, 539 (1990);
https://doi.org/10.1038/347539a0

15. N. Moini, A. Jahandideh, F. Shahkarami, K. Kabiri and F. Piri, Polym.
Chem., 13, 2714 (2022);
https://doi.org/10.1039/D2PY00038E

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

R. Ansari, E-J. Chem., 3, 186 (2006);
https://doi.org/10.1155/2006/860413

B. Zinger and D. Kijel, Synth. Met., 41, 1013 (1991);
https://doi.org/10.1016/0379-6779(91)91548-0O

J.V. Grazulevicius, P. Strohriegl, J. Pielichowski and K. Pielichowski,
Prog. Polym. Sci., 28, 1297 (2003);
https://doi.org/10.1016/S0079-6700(03)00036-4

A. Petukhova, J. Greener, K. Liu, D. Nykypanchuk, R. Nicolay, K.
Matyjaszewski and E. Kumacheva, Small, 8, 731 (2012);
https://doi.org/10.1002/smll.201101297

M. Bisvvas and S.K. Das, Polymer, 23, 1713 (1982);
https://doi.org/10.1016/0032-3861(82)90112-4

R.C. Penwell, B.N. Ganguly and T.W. Smith, J. Polym. Sci. Macromol.
Rev., 13, 63 (1978);

https://doi.org/10.1002/pol.1978.230130102

J.-M. Pernaut and J.R. Reynolds, J. Phys. Chem. B, 104, 4080 (2000);
https://doi.org/10.1021/jp9942740

S.-M. Park, Electrochemistry of m-Conjugated Polymers, In: Handbook
of Organic Conductive Molecules and Polymers, eds.: H.S. Nalwa,
Chichester, vol. 3, pp. 429-469 (1997).

A. Guiseppi-Elie, G.G. Wallace and T. Matsue, Handbook of Conducting
Polymers, eds: T.A. Skotheim, R. Elsenbaumer and J.R. Reynolds, New
York: Dekker, edn. 2, pp. 963-991 (1998).

G. Defieuw, R. Samijn, I. Hoogmartens, D. Vanderzande and J. Gelan,
Synth. Met., 57, 3702 (1993);
https://doi.org/10.1016/0379-6779(93)90500-V

Y.H. Kim, J. Lee, S. Hofmann, M.C. Gather, L. MiillerMeskamp and
K. Leo, Adv. Funct. Mater., 23, 3763 (2013);
https://doi.org/10.1002/adfm.201203449

D.A. Mengistie, M.A. Ibrahem, P.-C. Wang and C.-W. Chu, ACS Appl.
Mater. Interfaces, 6, 2292 (2014);
https://doi.org/10.1021/am405024d

K.-Y. Shen, C.-W. Hu, L.-C. Chang and K.-C. Ho, Sol. Energy Mater.
Sol. Cells, 98, 294 (2012);
https://doi.org/10.1016/j.solmat.2011.11.020

A.F. Baldissera, D.B. Freitas and C.A. Ferreira, Mater. Corros., 61,
790 (2010);

https://doi.org/10.1002/mac0.200905254

D. Svirskis, J. Travas-Sejdic, A. Rodgers and S. Garg, J. Control.
Release, 146, 6 (2010);
https://doi.org/10.1016/j.jconrel.2010.03.023

M.M. Rahman, X. Li, Y.-D. Jeon, H.-J. Lee, S.J. Lee and J.-J. Lee, J.
Electrochem. Sci. Technol., 3, 90 (2012);
https://doi.org/10.33961/JECST.2012.3.2.90

M.D. Rahman, P. Kumar, D.-S. Park and Y.-B. Shim, Sensors, 8, 118 (2008);
https://doi.org/10.3390/s8010118

L.L. Miller, G.A. Smith, An-Cheng Chang and Qin-Xin Zhou, J. Control.
Release, 6, 293 (1987);
https://doi.org/10.1016/0168-3659(87)90082-4

M. Hepel, J. Electrochem. Soc., 145, 124 (1998);
https://doi.org/10.1149/1.1838224

L.J. Buckley and M. Eashoo, Synth. Met., 78, 1 (1996);
https://doi.org/10.1016/0379-6779(95)03561-3

C. Zhao, H. Wang and Z. Jiang, Appl. Surf. Sci., 207, 6 (2003);
https://doi.org/10.1016/S0169-4332(02)00704-3

J. Gao, A.J. Heeger, J.Y. Lee and C.Y. Kim, Synth. Met., 82,221 (1996),
https://doi.org/10.1016/S0379-6779(96)03794-0

M.C. Lonergan, Science, 278, 2103 (1997);
https://doi.org/10.1126/science.278.5346.2103

C.M. Li, C.Q. Sun, S. Song, V.E. Choong, G. Maracas and X.J. Zhang,
Front. Biosci., 10, 180 (2005);

https://doi.org/10.2741/1519

D. Zhou, G.M. Spinks, G.G. Wallace, C. Tiyapiboonchaiya, D.R.
MacFarlane, M. Forsyth and J. Sun, Electrochim. Acta, 48,2355 (2003);
https://doi.org/10.1016/S0013-4686(03)00225-1

C.M. Li, W. Chen, X. Yang, C.Q. Sun, C. Gao, Z.X. Zhao and J. Sawyer,
Front. Biosci., 10, 2518 (2005);

https://doi.org/10.2741/1716

R. Ramakrishnan, K.B. Jinesh, S.J. Devaki and M.R. Varma, Phys.
Status Solidii A Appl. Mater. Sci., 213, 2414 (2016);
https://doi.org/10.1002/pssa.201600058



https://doi.org/10.1016/S0925-4005(00)00635-3
https://doi.org/10.1002/1521-4095(200106)13:11<819::AID-ADMA819>3.0.CO;2-D
https://doi.org/10.1002/1521-4095(200106)13:11<819::AID-ADMA819>3.0.CO;2-D
https://doi.org/10.1016/0379-6779(91)91548-O
https://doi.org/10.1016/S0079-6700(03)00036-4
https://doi.org/10.1016/0032-3861(82)90112-4
https://doi.org/10.1016/0379-6779(93)90500-V
https://doi.org/10.1016/0168-3659(87)90082-4
https://doi.org/10.1016/0379-6779(95)03561-3
https://doi.org/10.1016/S0169-4332(02)00704-3
https://doi.org/10.1016/S0379-6779(96)03794-0
https://doi.org/10.1016/S0013-4686(03)00225-1

2962 Khare et al.

Asian J. Chem.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

A. Sawa, Mater. Today, 11, 28 (2008);
https://doi.org/10.1016/S1369-7021(08)70119-6

F. Zhuge, K. Li, B. Fu, H. Zhang, J. Li, H. Chen, L. Liang, J. Gao, H.
Cao, Z. Liu and H. Luo, AIP Adv., 5, 57125 (2015);
https://doi.org/10.1063/1.4921089

M.K. Yang, J.-W. Park, T.K. Ko and J.-K. Lee, Appl. Phys. Lett., 95,
42105 (2009);

https://doi.org/10.1063/1.3191674

J.Y. Son, D.-Y. Kim, H. Kim, W.J. Maeng, Y.-S. Shin and Y.-H. Shin,
Electrochem. Solid-State Lett., 14, H311 (2011);
https://doi.org/10.1149/1.3574526

A.F. Kohan, G. Ceder, D. Morgan and C.G. Van de Walle, Phys. Rev. B
Condens. Matter, 61, 15019 (2000);
https://doi.org/10.1103/PhysRevB.61.15019

G. Visimberga, E.E. Yakimov, A.N. Redkin, A.N. Gruzintsev, V.T. Volkov,
S. Romanov and G.A. Emelchenko, Phys. Status Solidii C Curr. Top.
Solid State Phys., 7, 1668 (2010);
https://doi.org/10.1002/pssc.200983156

D.C. Reynolds, D.C. Look and B. Jogai, Solid State Commun., 99, 873
(1996);

https://doi.org/10.1016/0038-1098(96)00340-7

K.-H. Wu, L.-Y. Peng, M. Januar, K.-C. Chiu and K.-C. Liu, Thin Solid
Films, 570, 417 (2014),

https://doi.org/10.1016/j.ts£.2014.03.062

L. Xie,Y. Xu and X. Cao, Colloids Surf. B Biointerfaces, 107,245 (2013);
https://doi.org/10.1016/j.colsurfb.2013.02.020

M. Marie, S. Mandal and O. Manasreh, Sensors, 15, 18714 (2015);
https://doi.org/10.3390/s150818714

T.-J. Kuo, C.-N. Lin, C.-L. Kuo and M.H. Huang, Chem. Mater., 19,
5143 (2007);

https://doi.org/10.1021/cm071568a

T.-J. Hsueh, S.-J. Chang, C.-L. Hsu, Y.-R. Lin and I.-C. Chen, J.
Electrochem. Soc., 155, K152 (2008);
https://doi.org/10.1149/1.2952535

Y.Ya, C. Jiang, T. Li, J. Liao, Y. Fan, Y. Wei, F. Yan and L. Xie, Sensors,
17, 545 (2017);

https://doi.org/10.3390/s17030545

J. Gonzalez-Chavarri, L. Parellada-Monreal, I. Castro-Hurtado, E. Castafio
and G.G. Mandayo, Sens. Actuators B Chem., 255, 1244 (2018);
https://doi.org/10.1016/j.snb.2017.08.094

B. Fang, C. Zhang, G. Wang, M. Wang and Y. Ji, Sens. Actuators B
Chem., 155, 304 (2011);

https://doi.org/10.1016/j.snb.2010.12.040

H.G. Yang, C.H. Sun, S.Z. Qiao, J. Zou, G. Liu, S.C. Smith, H.M.
Cheng and G.Q. Lu, Nature, 453, 638 (2008);
https://doi.org/10.1038/nature06964

J. Zhang, J. Yu, Y. Zhang, Q. Li and J.R. Gong, Nano Lett., 11, 4774
(2011);

https://doi.org/10.1021/n1202587b

X. Wang, M. Ahmad and H. Sun, Materials, 10, 1304 (2017);
https://doi.org/10.3390/mal0111304

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

M.R. Nabid, M. Golbabaee, A.B. Moghaddam, R. Dinarvand and R.
Sedghi, Int. J. Electrochem. Sci., 3, 1117 (2008);
https://doi.org/10.1016/S1452-3981(23)15508-8

S.Roux, G.J. de A.A. Soler-Illia, S. Demoustier-Champagne, P. Audebert
and C. Sanchez, Adv. Mater., 15, 217 (2003);
https://doi.org/10.1002/adma.200390049

Y.-C. Liu, J.-M. Huang, C.-E. Tsai, T.C. Chuang and C.-C. Wang, Chem.
Phys. Lett., 387, 155 (2004);
https://doi.org/10.1016/j.cplett.2004.02.014

N. Cioffi, L. Torsi, L. Sabbatini, P.G. Zambonin and T. Bleve-Zacheo,
J. Electroanal. Chem., 488, 42 (2000);
https://doi.org/10.1016/S0022-0728(00)00180-7

C.S.C. Bose and K. Rajeshwar, J. Electroanal. Chem., 333, 235 (1992);
https://doi.org/10.1016/0022-0728(92)80394-J

D.S. Patil, S.A. Pawar, R.S. Devan, M.G. Gang, Y.-R. Ma, J.H. Kim
and P.S. Patil, Electrochim. Acta, 105, 569 (2013);
https://doi.org/10.1016/j.electacta.2013.05.022

W. Chen, C.M. Li, P. Chen and C.Q. Sun, Electrochim. Acta, 52, 2845
(2007);

https://doi.org/10.1016/j.electacta.2006.07.005

E.A. Olivetti, J.H. Kim, D.R. Sadoway, A. Asatekin and A.M. Mayes,
Chem. Mater., 18, 2828 (2006);

https://doi.org/10.1021/cm060119s

D. Bokov, A.T. Jalil, S. Chupradit, W. Suksatan, M.J. Ansari, I.H.
Shewael, G.H. Valiev and E. Kianfar, Adv. Mater. Sci. Eng., 2021,
5102014 (2021);

https://doi.org/10.1155/2021/5102014

M. Biswas and A. Roy, J. Appl. Polym. Sci., 49, 2189 (1993),
https://doi.org/10.1002/app.1993.070491215

C. Basavaraja, W.J. Kim, D.G. Kim, P.X. Thin and D.S. Huh, Polym.
Compos., 32, 1077 (2011);

https://doi.org/10.1002/pc.21125

M. Joulazadeh and A.H. Navarchian, Synth. Met., 210, 404 (2015);
https://doi.org/10.1016/j.synthmet.2015.10.026

M.A. Chougule, D.S. Dalavi, S. Mali, P.S. Patil, A.V. Moholkar, G.L.
Agawane, J.H. Kim, S. Sen and V.B. Patil, Measurement, 45, 1989
(2012);

https://doi.org/10.1016/j.measurement.2012.04.023

C.R.K. Rao, R. Muthukannan, J.A. Jebin, T.A. Raj and M. Vijayan,
Indian J. Chem., 52A, 744 (2013).

W.A. Hammed, M.S. Rahman, H.N.M.E. Mahmud, R. Yahya and K.
Sulaiman, Des. Monomers Polym., 20, 368 (2017);
https://doi.org/10.1080/15685551.2016.1271086

R. Najjar and S. Nematdoust, RSC Adv., 6, 112129 (2016);
https://doi.org/10.1039/C6RA24002]

H.F. Shao, X.F. Qian and B.C. Huang, Mater. Lett., 61, 3639 (2007);
https://doi.org/10.1016/j.matlet.2006.12.005

R. Kacimi, T. Abram, M. Bennani, L. Bejjit and M. Bouachrine,
RHAZES: Green Appl. Chem., 1, 14 (2018);
https://doi.org/10.48419/IMIST.PRSM/rhazes-v1.16438



https://doi.org/10.1016/S1369-7021(08)70119-6
https://doi.org/10.1016/0038-1098(96)00340-7
https://doi.org/10.1016/S1452-3981(23)15508-8
https://doi.org/10.1016/S0022-0728(00)00180-7
https://doi.org/10.1016/0022-0728(92)80394-J

