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Interfacial tension driven adsorption of MnO,
nanoparticles at the liquid/liquid interface to
tailor ultra-thin polypyrrole sheets¥
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An emerging aspect of research is designing and developing fully tunable metamaterials for various appli-
cations with fluid interfaces. Liquid/liquid interface-assisted methods represent an efficient and facile
route for synthesizing two-dimensional (2-D) thin films of potential materials. The underlying mechanism
behind thin film formation at the liquid/liquid interface involves the preferential adsorption of nano-sized
particles at the interface to minimize high interfacial tension. Here, a water/chloroform interface-assisted
method is employed for the one-pot synthesis of highly crystalline polypyrrole/manganese dioxide (PPy/
MnO,) sheets. The temporal evolution in the dynamic interfacial tension (from 32 mN m™ to 17 mN m™)
observed in pendant drop tensiometry proved the preferential adsorption of MnO, atttached PPy oligo-
mers at the water/chloroform interface. An ultra-thin sheet-like morphology and uniform distribution of
~6 nm highly crystalline MnO, nanoparticles are evidenced by transmission and atomic force microscopy

Received 18th April 2022,
Accepted 15th July 2022

DOI: 10.1039/d2nr02130g

techniques. The predominance of interfacial polymerization in retaining the electrochemical activity of
the PPy/MnO, sheets is elucidated for the electrochemical detection of nicotine. This study opens a new
avenue for the realization of ultra-thin sheets of polymer—nanomaterial hybrids, enabling applications

rsc.li/nanoscale ranging from new classes of sensors to optics.

dynamic simulations.'” Furthermore, the stability of the
assembled NPs determines the stabilization of the interface of

1. Introduction

The competency of nanoparticle-laden fluid interfaces to con-
figure functional architectures has received immense attention
for their applications in electro-optics,"”” catalysis,>*
sensors,”® oil-spill recoveries,”'® and more. The major chal-
lenge in organizing a single type of anisotropic nanoparticle
into distinct super lattices"™'? over a large area was accom-
plished with liquid/liquid (L/L) interfaces. The adsorption of
nanoparticles (NPs) at interfaces is a thermodynamically favor-
able and spontaneous process since the NPs tend to minimize
the interfacial tension, interfacial area, and interfacial energy
(Helmholtz free energy).”>™*® The adsorption/desorption be-
havior of NPs across the L/L interface is governed by variation
in interfacial free energies as validated using molecular

“Department of Chemistry, National Institute of Technology Calicut, Calicut-673601,
Kerala, India. E-mail: minimol@nitc.ac.in

bSchool of Materials Science and Engineering, National Institute of Technology
Calicut, Calicut-673601, Kerala, India

‘Department of Physics, National Institute of Technology Calicut, Calicut-673601,
Kerala, India

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2nr02130g

This journal is © The Royal Society of Chemistry 2022

two immiscible liquids."'®'® The relationship between the par-
ticle size (R), the wettability of the particle surface (), the
interfacial tension (IFT, y), and the change in the Helmholtz
free energy (AE) is postulated in the Pieranski equation (AE =
—zR* y (1 + cos §)%)."*?° The immobilization of NP assemblies
at the L/L interface is achieved by the cross-linking agents or
catalysts dispersed in either of the two phases.”’ Another
alternative method to immobilize the NP assemblies at the L/L
interface is to entrap NPs in potential polymeric films formed
in situ at the interface.”® The preferential adsorption of NP-
attached oligomers at the interface and subsequent product
confinement led to the formation of ultra-thin films with
attached nano-sized particles.**”>® Thus, a unique one-pot syn-
thesis of polymer thin films with encapsulated NPs is an
effective strategy to confine NPs at the L/L interface or tune the
polymer morphology to ultra-thin sheets.

The paramount importance of L/L interface-assisted
methods in processing and preparing potential materials is
rooted in their ability to synthesize ultra-thin two-dimensional
(2-D) films*>?® or reconfigure self-assembly on demand.’*’
The nanostructure tuning to ultra-thin 2-D films at the L/L
interface is impelled by the self-organization of reactive mole-
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cular species at the interface of two immiscible liquids.**™°
The conventional methods are tedious to synthesize thin films
due to the material characteristics (insolubility, dispersibility,
transparency, and homogeneity) or stringent deposition con-
ditions.** The L/L interface-assisted method ensures the facile
deposition of thin films of single or multi-component
materials that are effortlessly transferred to any substrates
(plastic or flexible substrates).?” The L/L interface-assisted syn-
thesis route allows control over the thickness, homogeneity,
and transparency of the thin film under ambient temperature
and pressure conditions with a simple and economically
viable procedure.>*

To meet the challenges that lie ahead for targeted appli-
cations, thin films of various nanostructures are prepared by
the self-assembly of these nanostructures, selectively dispersed
in any of the two immiscible solvents.>**®*° An interfacial film
formation technique was employed to fabricate MXene thin
films for ultra-compact passive photonic diodes.*® The in situ
synthesis of multi-component (nanocomposite) materials is
intricate to perform under ambient conditions, while the L/L
interface-assisted method proved to be successful.
Furthermore, the insolubility, infusibility, and dispersibility of
reactive species limit the in situ distribution of nanostructures
in a polymer matrix using conventional chemical or electro-
chemical routes. On the other hand, conductive polymers com-
posited with multidimensional nanomaterials yielded free-
standing thin films for several novel applications.*'

Here, we investigated the self-assembly of in situ grown PPy/
MnO, at the water/chloroform interface, tuning the polymer
composites to ultra-thin 2-D sheets without any hard or sacrifi-
cial templates. Experimental observations proved that the high
interfacial tension at the water/chloroform interface acts as a
driving force for the preferential adsorption of MnO,-bound
oligomers. The dynamic interfacial tension of the water/chloro-
form interface as a function of time evidenced the stabilization
of the interface with a persistent decrease in the IFT as the
polymerization progressed at the interface. The water/chloro-
form interface acts as a soft template for the self-assembly of
MnO, attached PPy oligomers, leading to the confinement and
tuning of PPy/MnO, composites to ultra-thin sheets. The trans-
mission electron microscopic images showed the growth and
confinement of amorphous network-like structures to ultra-
thin PPy/MnO, sheets during the polymerization. The tran-
sition of diffused rings to bright Bragg spots in electron diffr-
action further confirmed the evolution of amorphous MnO,
agglomerates to highly crystalline MnO, NPs. MnO, NPs are
widely accepted for electrochemical storage applications, and
numerous works have been devoted to synthesizing diverse
MnO, nanostructures for energy applications.*>** Herein, the
uniform encapsulation of MnO, NPs in PPy/MnO, sheets was
further explored for the electrochemical sensing of nicotine, a
significant ingredient in cigarettes.*® The composites of PPy/
MnO, with multi-walled carbon nanotubes (MWCNTSs) were
used as electrochemical sensors for nicotine detection. The
printable nature of the composite inks of PPy/MnO, with
MWCNTs was also tested on screen-printed electrodes and
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subsequently validated for electrochemical activity in nicotine
oxidation.

2. Experimental section

2.1. Chemicals and reagents

Pyrrole (Sigma Aldrich, 131709, 98%), nicotine (Sigma Aldrich,
8.20877, >99%), potassium permanganate (Merck Millipore,
105082, ACS, Reag. Ph Eur), and chloroform (Fischer
Scientific, 33515, 99.5%) were used as received. All the
reagents were of analytical purity, and deionized (DI) water
(ELGA Purelab Quest UV, 18.2 MQ) was used throughout the
synthesis.

2.2. Synthesis of PPy/MnO, sheets at the water/chloroform
interface

Pyrrole polymerization was performed at the water/chloroform
interface at room temperature (RT) using potassium per-
manganate (KMnO,) as the oxidant. The molar ratio of pyrrole
and KMnO, was fixed as 1:1. The monomer pyrrole and
oxidant KMnO, of 0.01 M concentration were prepared respect-
ively in chloroform (15 mL) and water (12 mL). A low-density
aqueous layer was evenly placed on the top of a higher density
organic layer of 78.5 cm? to retain a flat liquid/liquid interface
throughout the polymerization. The interfacial polymerization
of pyrrole was carried out at room temperature under a non-
stirring condition for about 15 hours. As shown in Fig. 1A and
Fig. S1,1 during the initial stages of the polymerization (up to
7.5 hours), the products, such as radical cations, oligomers,
and short-chain polymers, exhibited more affinity towards the
aqueous phase. Hence a uniform dispersion of products at the
aqueous phase was observed for up to 7.5 hours. However,
visible product confinement at the water/chloroform interface
was observed after 7.5 hours. Hence the polymerization was
continued for up to 15 hours. The as-synthesized product was
washed several times with a mixture of DI water and ethanol
and vacuum filtered, followed by vacuum drying for 24 hours
at room temperature. It resulted in a powder form, as shown
in Fig. S2.1 The concentration of the monomer and oxidant
was also varied to 0.02 M and 0.005 M, respectively, and
control experiments were performed while retaining the
monomer/oxidant ratio as 1:1. Pure PPy was also synthesized
in a water/chloroform bisolvent medium using ammonium
persulfate as the oxidant.>®

2.3. Synthesis of PPy/MnO, spheres in the aqueous phase

Pyrrole polymerization was performed in the aqueous phase at
room temperature using KMnO, as the oxidant. The molar
ratio of pyrrole and KMnO, was fixed as 1:1. A 0.01 M
aqueous solution of pyrrole and KMnO, was prepared in
15 mL and 12 mL of deionized water, respectively. The above
two solutions were mixed to form the reaction medium and
the reaction was carried out under a non-stirring condition for
about 15 hours. The final products were dispersed in the
aqueous medium at the end of the reaction. The products were

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (A) Photographic images and schematic illustration of the interface-assisted polymerization of PPy/MnQO, at different time intervals. Scale
bar: 1 cm. Steps 1-4 highlight the adsorption of NP-attached oligomers/short-chain polymers at the interface to form microscale PPy/MnO, sheets.
Step 2 exhibits a dark coloration in the aqueous phase (KMnO, dissolved in water) due to the immediate transfer of MnO, attached oligomers
towards the polar aqueous phase. However, steps 3 and 4 indicate the adsorption of MnO, attached oligomers/short-chain polymers towards the
interface and the eventual formation of 2-D PPy/MnO, sheets. (B) The IFT was measured as a function of time for pendant drops corresponding to
three sets of monomer/oxidant concentrations (0.005 M, 0.01 M, and 0.02 M). The inset shows the variation of IFT as a function of monomer/
oxidant concentration. (C) The photographic images show the pendant drop of 0.01 M oxidant solution suspended in 0.01 M monomer dispersion at
zero and 90 minutes, respectively. The decrease in the IFT due to the adsorption of PPy/MnO, nanostructures at the oxidant drop and monomer

solution interface is illustrated schematically.

directly taken out from the reaction medium for morphologi-
cal studies. After 15 hours, the as-synthesized product was fil-
tered and washed several times with deionized water and
ethanol. After purification, the PPy/MnO, spheres in their
powder form were obtained and dried under vacuum at room
temperature.

2.4. Instrumentation

Six identical reaction mixtures were formulated to collect
samples at six different time intervals for ultraviolet-visible
(UV-vis) absorption (Shimadzu UV 2600), Raman (Horiba
Labram HR Evolution confocal Raman spectrometer), and
transmission electron microscopy (HRTEM, JEOL/JEM 2100)
characterization studies. The sample collection methods for
UV-Vis absorption and Raman analysis are as follows. The
aqueous dispersion (300 pL) was collected from three identical
reaction mixtures at 2.5, 5, and 7.5 hours intervals and further
diluted by adding 3 mL of DI water. The products confined at
the interface (for 10, 12.5, and 15 hours intervals) were care-
fully lifted and separated using a custom-made L-shape. It was
then transferred to 3 mL of DI water. A thorough mixing was
performed before the measurements to retain the dispersion

This journal is © The Royal Society of Chemistry 2022

of the products at the aqueous phase during the measurement.
The morphological evolution of PPy/MnO, sheets during the
polymerization was probed using HRTEM by collecting pro-
ducts at different time intervals and redispersing in ice-cold
water to quench the polymerization. Hereafter, the aqueous
sample solutions were drop-cast on copper grids for HRTEM
studies.

Further morphological and physico-chemical properties of
PPy/MnO, were characterized using the as-synthesized product
after 15 hours (filtered and washed several times with de-
ionized water and ethanol). Field emission scanning electron
microscopy (FESEM, FEI-Quanta FEG 200F), HRTEM with
energy dispersive spectroscopy (EDS), and elemental mapping
(Thermofischer Talos F200 S) were employed to obtain electron
microscopy images and the elemental composition. The crys-
tallinity of the PPy/MnO, powder sample was analyzed using
the powder XRD technique (Bruker D8 advance with Cu Ka
radiation, scan rate: 0.013 steps per 26 to 32 s). The PPy/MnO,
films confined at the interface were transferred to mica sheets
for atomic force microscopy (AFM, Bruker) by simply lifting
the substrate in the film direction. The surface chemistry of
the PPy/MnO, samples was analyzed using XPS (PHI 5000

Nanoscale, 2022, 14, 1M97-11209 | 11199
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Versa Probe II, ULVAC-PHI Inc., USA) equipped with a micro-
focused (200 pm, 15 kV) monochromatic Al-Ka X-ray source (hv
= 1486.6 V). Survey scans were recorded with an X-ray source
power of 50 W and a pass energy of 187.85 eV. High-resolution
spectra of the major elements were recorded at 46.95 eV pass
energy. XPS data were processed using PHI’s Multipak soft-
ware. The binding energy was referenced to the C 1s peak at
284.8 eV.

2.5. Measurement of dynamic interfacial tension

The pendant drop method was used to measure the interfacial
tension between water and chloroform. The aqueous KMnO,
droplet (8 pL) was suspended vertically using a syringe needle
into a 1 x 1 cm? glass cuvette containing pyrrole in chloroform.
The images of the pendant drops were captured using a digital
microscope at a rate of 20 frames per minute. The images were
fitted with the Image] pendant drop plugin. The temporal evol-
ution of the interfacial tension was measured for aqueous
KMnO, drops of varying concentrations (0.005 M, 0.01 M, and
0.02 M) suspended in pyrrole dispersions (concentration
range: 0.005 M-0.02 M).

2.6. Electrochemical detection of nicotine using cyclic
voltammetry

Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) scans were recorded using the Origalys OGF500 instru-
ment. Electrochemical investigations were conducted on both
modified glassy carbon electrodes (GCE) and modified screen-
printed electrodes (SPE). 0.1 M phosphate buffer solution of
pH 7.0 was used throughout the work. The electrochemical
detection of nicotine was conducted in 1 mM nicotine
solution.

2.6.1. Preparation of modified glassy carbon electrodes.
The three-electrode set-up consists of a glassy carbon electrode
as the working electrode, Ag/AgCl (1 M KCl) as the reference
electrode, and platinum wire as the counter electrode. Before
the experiments, the GCE was thoroughly cleaned by soni-
cation in water and ethanol, followed by polishing with
0.05 pM alumina slurry. Then, the surface of the GCE was acti-
vated by carrying out CV scans in 0.5 M H,SO, until consistent
voltammograms were obtained. 15 mg of PPy/MnO, was dis-
persed in 2-propanol, and 6 pL of it was coated on the GCE
using Nafion as a binder. A similar method was employed for
the preparation of GCE modified with PPy.

To enhance the electrical conductivity and hence the
electrochemical activity of PPy/MnO,, MWCNTs of high aspect
ratio (1250-6500) were added as a conductive filler. A stable
dispersion of MWCNTs was prepared by sonicating MWCNTSs
in water with the help of a 5% hydroxypropyl methylcellulose
(HPMC) solution. The composites of PPy/MnO, sheets with
different concentrations of MWCNTs (1-5 wt%) were prepared
by sonicating the required amount of PPy/MnO, with
MWCNTs, and their electrochemical activity was recorded by
CV experiments in the presence of 5 mM K,[Fe(CN)] in 0.1 M
KCl. The electrochemical activity of the GCE modified with a

1200 | Nanoscale, 2022, 14, T1197-11209

View Article Online

Nanoscale

mixture of pure PPy and MWCNT (PPy/MWCNT) was also
investigated by a similar method.

2.6.2. Preparation of modified screen-printed electrodes.
The working electrode surface of SPE (Zensor TE100) was
cleaned with mild sonication in water and ethanol. Then it
was activated by running several CV scans in 0.5 M H,SO,. The
composite ink of PPy/MnO, with MWCNTSs was drop-cast on
the activated SPE.

3. Results and discussion

The present work uses a water/chloroform interface-assisted
polymerization to synthesize PPy/MnO, sheets (Fig. 1A). The
fundamental idea of cationic type polymerization is based on
the redox reaction between the monomer and oxidant
to form a monomer radical cation.>® The spontaneity of the
redox reaction between the monomer and oxidant depends
on the decrease in the thermodynamic Gibbs free energy (AG
©).>* Here, the monomer pyrrole and the oxidant KMnO,
form an electrode couple in which the pyrrole (Py) is oxidized
to a pyrrole radical cation (Py™") (pyrrole works as the anode)
and KMnO, gets reduced to MnO, (KMnO, works as the
cathode) as shown in eqn (1) and (2). From the electro-
chemical series, the standard reduction potentials of the
pyrrole and KMnO, are —0.9 V and 0.595 V, respectively.?*>®
Hence the spontaneity of the initiation of polymerization
(pyrrole to pyrrole radical cation conversion) is thermo-
dynamically evaluated from the electrochemical cell potential
(Eoepp) as follows:

Dissociation of KMnO, in water is represented as KMnO, —
K"+ MnO,~

Reaction at anode = 3Py — 3Py "

. (1)
+3e” (Eanode = —O.9V)
Reaction at cathode => MnO,;~ + 2H,0 + 3e~ 2)
- Mn02 +40H" (Ezathode = 0.595 V)
Overall reaction = 3Py + MnO,~ + 2H,O 3)
— MnO, + 40H + 3Py "
EZell = EZathode - E;node (4)
E.op = 0.595 — (—0.9) = 1.495V (5)
AG° = —nFE_, = —103.44 kcalmol . (6)

Thus, a significantly negative value of AG® (—103.44 kcal
mol ') predicts the feasibility of polymerization initiation, i.e.,
the spontaneous generation of pyrrole radical cations at the
interface. The mechanism of the redox-initiated polymeriz-
ation of pyrrole in the presence of KMnO, to yield PPy/MnO, is
shown in Scheme 1.%”

As shown in the photographic images, the initial stages of
polymerization and the simultaneous adsorption of PPy/MnO,
at the 2-D interface of water and chloroform led to the confine-

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2nr02130g

Published on 28 2022. Downloaded on 28/07/25 23:58:50.

Nanoscale

+

K n Initiation N

(o]
O=N|I|n—0' + Y\ /7 — < \7 + wm™no,
<|)| B)r=——
(1) (2) ! Propagation and
v subsequent steps

(1) Potassium

permanganate
(2) Pyrrole
(3) Pyrrole

radical cation
(4) pPy/Mno,
Q@ MnO, NPs (4)

Scheme 1 The mechanism of the redox initiated polymerization of a
pyrrole monomer in the presence of KMnO,4 as an oxidant to give PPy/
MnO,. The mechanism involves the formation of a pyrrole radical cation
in the initiation step and subsequently leads to the formation of PPy/
MnO, with attached MnO, NPs.

ment of 2-D PPy/MnO, sheets within 15 hours. The 2-D L/L
interface formed between water and chloroform serves as a
reactive template for the organization of reactive molecules.?®
Initially, the monomer pyrrole and oxidant KMnO, meet at the
interface, where they undergo a redox reaction to form pyrrole
radical cations and MnO, (eqn (1)-(3), Fig. 1A 1). The sub-
sequent steps lead to the formation of charged PPy oligomers
with attached MnO, that are difficult to confine at the inter-
face due to their continuous adsorption/desorption at the L/L
interface.">'?>1?>3%4% Ag per the Pieranski equation, the stabi-
lization of the L/L interface by the minimization of Helmholtz
free energy is influenced mainly by the size of the adsorbed
particles.'® Hence, the abrupt nature of the L/L interface leads
to continuous adsorption/desorption of smaller particles at
the L/L interface;'® therefore, small-sized charged oligomers
freely migrate towards the polar aqueous phase.">">*"*> The
formation of intense dark coloration in the aqueous phase
within 5 hours manifests PPy/MnO, assembly formation
within 5 hours, as shown in Fig. 1A 2. Within 7.5 hours of
polymerization, a substantial increase in the chain length of
oligomers or short-chain polymers and an increase in the size
of attached MnO, occur. The interface tends to adsorb MnO,
NP-attached PPy chains towards the interface to minimize the
high interfacial tension and high interfacial free energy
(Fig. 1A 3)."®***® The interfacial adsorption of MnO, attached
oligomers, or short-chain polymers, acts as the driving force
for the confined 2-D growth of PPy sheets. The 2-D ordering of
PPy chains and the layer-by-layer growth of n-n stacked 2-D
aligned PPy chains at the water/chloroform interface resulted
in PPy/MnO, sheets at the end of 15 hours (Fig. 1A 4).** The
preferential adsorption of MnO, attached PPy chains followed
by jamming at the L/L interface could offer PPy sheets with
uniformly distributed MnO, NPs. The observation of transpar-
ency in the aqueous phase (upper layer) in the photographic
image of Fig. 1A 4 implies the confinement of PPy/MnO,
sheets at the interface. The photographic images of the

This journal is © The Royal Society of Chemistry 2022
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polymerization captured at 2.5, 10, and 12.5 hours during the
reaction are shown in Fig. S1.f The control experiments of
interfacial polymerization using lower (0.005 M) and higher
(0.02 M) concentrations of the monomer and oxidant were per-
formed (Fig. S3t). As observed in the photographic images
(Fig. 1A 4 and Fig. S3AT), PPy/MnO, illustrated final product
confinement at the interface for lower concentrations (0.005 M
and 0.01 M) of reactants. The final products were dispersed in
the aqueous phase (Fig. S3Bf) for higher concentrations of
reactants (0.02 M). The top view photographic images in
Fig. S41 demonstrated increased interfacial product confine-
ment for a reaction conducted using 0.01 M concentrations of
the monomer and oxidant. Since the middle concentration
yielded a significant amount of product confinement at the
interface, detailed investigations of nanoparticle-aided mor-
phology tuning of polypyrrole were conducted using 0.01 M
concentrations of reactants.

The adsorption of NP-attached oligomers at the interface
results in the confinement of short-chain polymers, which
may subsequently reduce the interfacial tension at the L/L
interface. The pendant drop tensiometry studies evaluated the
variation of interfacial tension due to the adsorption of pro-
ducts during the polymerization. The y values were measured
by suspending drops of different concentrations of oxidants
(0.005 M, 0.01 M, and 0.02 M) in monomer dispersions (0.005
M, 0.01 M, and 0.02 M), and the results are summarized in
Fig. 1B and C and Fig. S5.f The interfacial tension of pure
water and chloroform was 34 mN m™"' under the same experi-
mental conditions; the drops remained at the tip for less than
2 minutes. In the case of reaction mixtures of different con-
centrations, the pendant drops exhibited significant stability
for up to 90 minutes, accompanied by a reduction of y for all
three concentrations (Fig. 1B and Fig. S5t). The pendant
drops of 0.01 M concentration showed y reduction from
32 mN m™ to 17 mN m™" (Fig. 1B). Similarly, 0.005 M and
0.02 M showed a y reduction of 34 mN m™" to 21 mN m™" and
34 mN m™" to 22 mN m™~" (Fig. 1B), respectively. Thus, as
shown in the inset of Fig. 1B, the extent of decrease in IFT
(Ay) for 0.005 M, 0.01 M, and 0.02 M is 13 mN m ', 15 mN
m™}, and 12 mN m™", respectively. The greater extent of IFT
reduction could be attributed to the adsorption of nano-
particle-attached oligomers or short-chain polymers at the
interface. A similar trend was reported for lignin nanoparticle
adsorption for the 1-pentanol/water interface stabilization by
IFT reduction during oil-spill recoveries.” However, at a higher
amount of product formation (for 0.02 M concentration), the
IFT reduction is relatively minor. The preponderant solvent-
polymer interaction as compared to the adsorption energy
may promote the product confinement at the polar phase, as
shown in Fig. S3B.f Therefore, it is confirmed that the
monomer and oxidant molecules present in the respective
phases initially meet at the interface and initiates polymeriz-
ation, as shown in Fig. 1A 1 and C. Nano-sized PPy/MnO,
adsorbs at the interface as the reaction proceeds, and the
product morphology gets tuned to 2-D sheets (Fig. 1C and
1A 2-4).
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Fig. 2 (A) The absorbance and wavelength of UV-Vis absorption were plotted against the reaction time. (B) The band gap corresponding to the
absorption peaks of the oligomer, the polymer, and MnO, plotted against the reaction time. (C) Raman spectra of PPy/MnO, were recorded at
varying time intervals of 2.5 to 15 hours. Bar plots showing (D) the intensity corresponding to the peaks of a-MnO, and the backbone stretching
mode of C=C bonds in PPy as a function of reaction time.

Fig. 3 High-resolution transmission electron microscopic images (series 1) and selected area electron diffraction images of PPy/MnO, (series 2)
recorded in a water/chloroform bisolvent medium at varying time intervals. The images Al and A2, B1 and B2, C1 and C2, D1 and D2, E1 and E2, and
F1 and F2 represent the reaction times of 2.5, 5, 7.5, 10, 12.5, and 15 hours, respectively.

The reaction mixture from the aqueous phase (2.5 to in Fig. 2A and B. The absorbance variation and wavelength
7.5 hours) and the interface (10 to 15 hours) was collected and  shift in the UV-Vis spectra of PPy/MnO, was analyzed as a
investigated using UV-Vis absorption spectroscopy, as shown function of reaction time, and the results are shown in Fig. 2A.
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Fig. 4 (A-D) HRTEM mapping images of PPy/MnO, sheets synthesized in 15 hours. (A) Elemental mapping image of the mix with elements such as
carbon (green), manganese (yellow), and oxygen (cyan). Elemental mapping of the individual elements, (B) carbon, (C) manganese, and (D) oxygen.
(E) The XRD spectrum of PPy/MnO, sheets synthesized in 15 hours. The peaks are indexed with the respective diffraction planes of a-MnO, (JCPDS
card no. 00-044-0141). (F) The 3-D atomic force microscopy image of PPy/MnO, was recorded at 15 hours. The image clearly shows the sheet-like
nature of PPy/MnO, with submerged MnO, NPs. (G) XPS survey scan spectrum of PPy/MnO, sheets synthesized in 15 hours. (H-J) The high-resolu-

tion XPS spectra of C 1s, Mn 2p, and O 1s.

The relative trend in the absorption intensity for the samples
synthesized in 2.5 to 7.5 hours follows a concentration depen-
dence as per the Beer-Lambert law.*> The monomer absorp-
tion peak corresponding to the x to n* transition was observed
at 230 nm (Fig. S6f). Hence, the absorption peak at
240-242 nm is assigned to Py which is detected in the reac-
tion mixtures collected between 2.5 and 7.5 hours.*>*” The
self-assembly of radical cations during the initial stages of
polymerization is reflected in the absorbance profile.
Maximum accumulation of Py"" adjacent to the interface was
observed at 5 hours, and the subsequent decrease in the absor-
bance is due to the growth of polymeric chains. Furthermore,
the absence of an absorption peak corresponding to Py™" after
7.5 hours is due to the total consumption of Py"* during the
polymerization. The absorption peaks centered at 394-415 nm
corresponding to the low molecular weight oligomers were
detected in all the PPy/MnO, samples (2.5 to 15 hours).*®*’
Similarly, a maximum accumulation of oligomers was
observed at 5 hours, and the subsequent decrease in the absor-
bance is due to the growth of polymeric chains. The bands
attributed to the polar transitions of the PPy backbone are
observed at 495-620 nm, which were absent at 2.5 hours. A dis-
tinguishable trend in the absorbance was not observed in the
samples collected at 5-15 hours.’™*® However, a significant
blue shift of 107 nm was observed for the PPy backbone

This journal is © The Royal Society of Chemistry 2022

absorptions for 5-10 hours, reflecting the random distribution
of polymeric chains nearby the interface. Nonetheless, a red
shift of 125 nm was observed from 10-15 hours due to the
decrease of bandgap due to polymeric chain elongation.

The absorption peak corresponding to o-MnO, at
315-350 nm (ref. 49 and 50) showed the maximum absorbance
at 5 hours; however, the absorbance decreased as the reaction
progressed. Furthermore, a red shift of 30 nm in the absorp-
tion wavelength could be due to the growth of MnO, NPs.
Since visible confinement of PPy/MnO, was observed after
10 hours, the growth of MnO, attached PPy chains was evalu-
ated from the bandgap (E = hc/4, A = absorption wavelength)
calculations, as plotted in Fig. 2B. The bandgap of oligomers
remained constant after 10 hours, indicating the unequivocal
conversion of oligomers to polymers. The apparent increase in
the n conjugation length of oligomers and short-chain poly-
mers in PPy/MnO, after 10 hours decreased the bandgap, as
observed in Fig. 2B.*>*"* Furthermore, a consistent reduction
in the bandgap of MnO, observed within 10-15 hours predicts
an increase in the size of MnO, after 10 hours of
polymerization.>?

Additionally, the reaction mixtures collected at various time
intervals were investigated using Raman spectroscopy, as
shown in Fig. 2C. The Raman spectrum of PPy/MnO, after
15 hours of reaction showed well-defined peaks corresponding
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to the PPy backbone and MnO, NPs. The peaks at 484 cm™!
and 606 cm™' correspond to a-MnO,,”**®> and the peaks at
800 cm™?, 1642 cm™* and 1067 cm™ can be attributed to the
low-frequency C-C vibration,”® C=C stretching mode***” and
C-H in-plane bending vibrations of PPy,*®”” respectively. The
intensity of Raman peaks is directly proportional to the con-
centration of active species.”® The peaks at 484 cm™' and
606 cm ™' of a-MnO,, and 1642 cm™* of PPy have remarkable
intensity and consistency in all the samples. Hence these
peaks were focused on investigating the mechanism of
polymerization as a function of reaction time (Fig. 2C and D).
The polymerized products are distributed in the aqueous
phase for 2.5 to 7.5 hours, and the confinement becomes pro-
minent from 10 hours. The MnO, attached oligomers are
initially formed at low concentrations at the interface within
2.5 hours. As a result, the Raman peaks corresponding to
a-MnO, and PPy are less intense, as shown in Fig. 2C and D.
Due to the small size and high polarity, the MnO, attached oli-
gomers freely diffuse from the interface, leading to the for-
mation of assemblies of MnO, attached oligomers/short-chain
polymers in the polar aqueous phase (Fig. 1A 2). Thus, after a
reaction time of 5 hours, PPy/MnO, is formed at the polar
aqueous phase at a high concentration, and the intensity of
the Raman peaks increases gradually (Fig. 2C and D). After
7.5 hours, the pervasive need for interfacial stabilization starts
playing, and the interface begins to preferentially adsorb nano-
sized MnO, attached oligomers/short-chain polymers towards
it (Fig. 1A 3). This led to a sudden decrease in the intensity of
the Raman peaks, as can be seen in Fig. 2C and D. After
10 hours, the interface starts to confine the adsorbed nano-
sized particles, and the 2-D growth of nano-sized MnO,
attached oligomers leads to the confinement of PPy/MnO,
sheets at the interface. The intensity of the Raman peaks
shows a linear trend after 10 hours due to the possible
increase in the concentration of PPy/MnO, sheets formed at
the interface (Fig. 2C and D). Furthermore, the interface pro-
motes the layer-by-layer growth of sheets by n-n stacking inter-
actions.* The n-n interactions during the assembly of multi-
layer graphene sheets have been reported to furnish more
intense Raman peaks.>’

The practical 2-D nanostructural tuning of PPy/MnO, nano-
composites was achieved by the combined effect of interfacial
stabilization and the formation of NP-attached oligomers. The
transmission electron microscopy images (Fig. 3) reveal the
morphological evolution of PPy/MnO, synthesized in the
water/chloroform bisolvent medium over 15 hours. As indi-
cated in TEM images (Fig. 3A1, B1, and C1), the agglomerated
network-like structures strengthen the concept of self-assembly
of MnO, attached oligomers in the initial stages of polymeriz-
ation as discussed in Fig. 1A 1-1A 3. However, as the reaction
progressed from 10-15 hours, the evolution of 2-D sheet-like
structures (Fig. 3D1, E1, and F1) further confirmed the con-
finement of oligomers or short-polymeric chains at the inter-
face that tunes the polymers to the 2-D sheet-like structures.
The TEM images show the 2-D sheet-like morphology of PPy/
MnO, formed at the interface for 10-15 hours. High magnifi-
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cation TEM images of all samples are shown in Fig. S7;7 a rela-
tively uniform distribution of MnO, particles in the polymeric
matrix is evident in Fig. 3F1 and Fig. S7F.T Furthermore, the
corresponding selected area electron diffraction patterns
support the formation of the tetragonal structure of
a-MnO,.*>*+%¢1 The planes (002), (200), (211), (220), (310),
(400), (402), (411), (431), (440), (521), (541), (600), (602), (710),
(730), and (741) are reported for a-MnO, (JCPDS no. 00-044-
0141).3>°%%%¢1 The planes corresponding to the polypyrrole
backbone were not present in the samples. As the reaction pro-
gressed from 2.5 hours to 15 hours, the nature of diffraction
patterns ranged from diffused rings to bright rings and bright
Bragg spots analogous to a set of planes of o-MnO,.
Furthermore, the TEM images and the diffraction patterns
confirm the interface confinement-induced morphology and
crystallinity tuning of PPy/MnO, composites. This further con-
firms the synergistic effect of the high interfacial tension-
induced confinement of MnO, NPs, and confinement-induced
morphology tuning. As reported previously, efficient interfacial
stabilization is achieved for larger particles, which could be a
possible reason for the visibly recognizable confinement of
products only after 10 hours during the polymerization.'® Due
to the varying size and shape of PPy/MnO, agglomerates and
evident transition from agglomerated network-like structures
to a distinct 2-D sheet-like morphology, the SAED patterns of
PPy/MnO, synthesized at varying reaction times may lack a few
identical diffraction planes. As observed in Fig. 3, a consist-
ently observed highly intense diffraction peak of the (310)
plane was chosen to compare crystallinity using SAED pat-
terns. An S-shaped growth curve in the intensity of the (310)
plane is provided in Fig. S8.1 An inflection point was observed
at 8 hours, and the intensity becomes constant after 10 hours
of polymerization. Hence, the SAED investigations confirm the
interfacial tension driven adsorption of MnO, NPs and the n—=
stacking of PPy/MnO, sheets at the interface. The morphology
of PPy/MnO, composites synthesized in a single solvent was
also analyzed and compared with that of PPy/MnO, sheets pre-
pared at the interface (Fig. S9f). The FESEM image in
Fig. S9AT clearly shows the 2-D sheet-like morphology of PPy/
MnO, sheets synthesized at the water/chloroform interface.
However, the PPy/MnO, composites prepared in a single
solvent medium exhibited an agglomerated spherical mor-
phology (Fig. S9Bf). This could be due to the three-dimen-
sional diffusion of monomers and the resultant secondary
growth of oligomers in the bulk aqueous phase.”® Thus, the
superior nature of the L/L interface in fine-tuning the 2-D mor-
phology is further validated.

The presence of characteristic elements (carbon, nitrogen,
manganese, and oxygen) and the distribution of MnO, NPs in
the PPy/MnO, sheets (after 15 hours) were further investigated
with HRTEM images, elemental mapping images, and the EDS
spectrum (Fig. 4A-D and Fig. S10 and S11%). The carbon and
nitrogen represent the PPy backbone in 2-D sheets, and the
corresponding elemental mapping images are shown in
Fig. 4B and Fig. S10B.f The elemental mapping images
(Fig. 4C and D) and the corresponding HRTEM images rep-
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resent a uniform encapsulation of MnO, NPs in PPy sheets
(Fig. S10A, C and Df). The few-layer nature of PPy/MnO, sheets
is also visible in Fig. S10A, C and D,t where the MnO, NPs
exhibit less particle agglomeration. The uniform distribution
of manganese and oxygen in PPy/MnO, sheets is evident in
Fig. 4C and D. The bright spots in the SAED pattern of
Fig. 3F2 demonstrated the highly crystalline nature of PPy/
MnO, sheets synthesized in 15 hours. XRD studies further
examined the long-range order crystallinity of the PPy/MnO,
sheets, and the spectrum is shown in Fig. 4E. The peak posi-
tions of the XRD spectrum match well with a-MnO, (JCPDS
card no. 00-044-0141). The peak corresponding to the Bragg
reflections caused by the interplanar spacing of PPy chains is
absent in the XRD spectrum.>® This could be due to the highly
crystalline nature of MnO, that subsides the diffractions
caused by amorphous PPy.** The peaks at 20 = 13.461°,
20.874°, 28.829°, 37.507°, 62.818°, 69.688°, 77.101°, and
84.152° can be attributed to the Bragg diffractions caused by
the (110), (200), (310), (211), (521), (541), (402) and (512)
planes, respectively.*>>*%® The XRD spectrum (Fig. 4E) and
SAED pattern (Fig. 3F2) of PPy/MnO, sheets show dissimilar
existence of diffraction planes. This could be because XRD
records long-range order crystallinity over the bulk crystal, and
SAED measures short-range order crystallinity in selected por-
tions.>* The small shifts observed in the diffraction peaks
could be due to the possible lattice deformations caused by
the entrapment of MnO, NPs inside the PPy sheet matrix.®> In
addition, the shifts in the peak positions corresponding to the
(110), (200), and (521) planes towards higher angles are
observed as in Fig. 4E. This could be due to the compressive
strain imposed by the amorphous PPy matrix on the crystalline
MnO, lattice that leads to a decrease in lattice spacing and an
increase in Bragg angle.®>®® The XRD spectrum of PPy/MnO,
synthesized in a single solvent system demonstrated the
characteristic crystalline peaks of MnO, along with the peaks
corresponding to Mn;O, as impurity (Fig. S121). The peaks at
20 = 37.878°, 45.111°, 51.6°, 58.55°, 65.725°, 72.98°, 79.68°,
and 87.078° are attributed to crystalline Mn0,.°*®” The
characteristic peaks of Mn;O, are centered at 17.09°, 24.08°,
and 30.83°.°%° Thus, the L/L interface tunes the polymeriz-
ation in a controlled manner, eliminating the formation of
undesirable oxides of manganese and resulting in pure MnO,
NPs. The potential capability of the water/chloroform interface
in thinning the PPy/MnO, sheets to a few nanometres is also
investigated using atomic microscopy images. The 3-D AFM
image (Fig. 4F) and 2-D AFM image (Fig. S13At) of PPy/MnO,
sheets synthesized in 15 hours exhibited densely populated
MnO, NPs submerged in PPy sheets over an area of 4 pm>. The
surface profile plots attributed to the 2-D AFM image in
Fig. S13At predict an average thickness of ~6 nm for ultra-thin
PPy/MnO, sheets (Fig. S13Bt). The XPS spectrum shows the
valence states and bonding nature of the characteristic
elements of PPy/MnO, sheets synthesized in 15 hours. The
XPS survey scan spectrum reveals the existence of C, N, Mn,
and O in PPy/MnO, sheets (Fig. 4G). The high-resolution C 1s
spectrum in Fig. 4H shows four prominent peaks at 284.7 eV,
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285.7 eV, 288.25 eV, and 292.68 eV.”"> The peaks at 284.7 eV,
285.7 eV, and 288.25 eV can be assigned to carbon-carbon,
carbon-nitrogen, and carbon-oxygen, respectively.”’”’> The
peak at 292.68 eV corresponds to the carboxyl group that may
be generated during the over-oxidation of the PPy backbone
due to the oxidant KMnO,.”* The N 1s spectrum in Fig. S13Ct}
shows the deconvoluted peak corresponding to pyrrolic nitro-
gen (-N-H).” The core-level spectrum of Mn 2p shows a spin
doublet of Mn 2p;, and Mn 2pj,, located at 642.5 eV and
654.18 eV (Fig. 41).”%7*7® The spin energy difference between
these two peaks gives a binding energy of 11.68 eV, which con-
firms the presence of Mn*" in PPy/MnO,.”* The spin doublets
of Mn 2p,, and Mn 2p;3, are further deconvoluted to few
other peaks to confirm the possible valence states of Mn. The
peaks at 642.45 €V and 654.18 eV are assigned to Mn*".”%”’
The deconvoluted Mn 2p spectrum also possesses a less
intense peak at 644.9 eV corresponds to Mn*".”%”7 This indi-
cates a small amount of Mn** formed during the reduction of
KMnO, to MnO,. The peak for O 1s at 532 eV can be deconvo-
luted into three prominent peaks at 530 eV, 531.45 eV, and
533.5 eV (Fig. 4]). The peak at 530 eV is assigned to the O-Mn
bond, which further confirms the formation of MnO,.**”%7”
The low intense peak at 531.45 eV and 533.5 eV can be attribu-
ted to O-C and O-H bonds.**”%7”

The structure-related properties of PPy/MnO, sheets can be
utilized for various potential applications. The electrochemical
detection of nicotine by interfacially synthesized PPy/MnO,
sheets was investigated, and the results are presented in Fig. 5.
The CV scans of bare GCE and PPy/MnO, modified GCE in
1 mM nicotine are shown in Fig. 5A. The inset in Fig. 5A
shows the oxidation peaks for the bare GCE, and PPy/MnO,
modified GCE at 1.07 V (73 pA) and at 1.03 V (39 pA), respect-
ively. To enhance the electrical conductivity and electro-
chemical activity of PPy/MnO, sheets, a high aspect ratio
MWCNT was incorporated into PPy/MnO, sheets. MWCNTs as
a conductive filler is highly promising because they promote
enhanced electron transfer due to their high electrical conduc-
tivity and surface area.”® A required amount of PPy/MnO, was
mechanically mixed with varying wt% (1-5) of MWCNTs. The
electrochemical activity of the as-prepared composites was
examined using CV scans (Fig. 5B) in 5 mM K,[Fe(CN)e] in 0.1
M KCl, and the oxidation currents were compared (Fig. 5C) to
evaluate the effect of MWCNTs in the composites. An
optimum current (428 + 9 pA) was exhibited on the addition of
3 wt% MWCNTSs, and further addition decreased the oxidation
current to 367 + 1.5 pA. This could be due to particle agglom-
eration from dense MWCNT networks at an elevated amount of
MWCNTs (Fig. 5C).”° Therefore, 3 wt% was identified as the
optimum concentration required for the percolation threshold,
and the composite with 3% MWCNTs was selected for the
electrochemical detection of 1 mM nicotine (Fig. 5D). The PPy/
MnO, - 3% MWCNT modified GCE (Fig. 5D.i)) showed an
enhanced electrochemical activity with an onset oxidation poten-
tial of 0.68 V and a maximum current of 332 pA (inset of Fig. 5D).

The electrochemical oxidation of nicotine occurs at a very
high oxidation potential.®® The main challenge in developing
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Fig. 5 (A) Cyclic voltammograms of (i) bare GCE and (ii) PPy/MnO, modified GCE in the presence of 1 mM nicotine solution recorded at a scan rate

of 50 mV s™%. The inset shows the zoom-in view of the oxidation peaks. (B) Cyclic voltammograms of PPy/MnO, — MWCNT modified GCE having
different wt% of CNTs (i, ii, iii, iv, and v corresponding to 1, 2, 3, 4, and 5 wt% of MWCNTSs) in the presence of 5 mM K4[Fe(CN)¢l in 0.1 M KCl recorded
at a scan rate of 50 mV s~ (C) The corresponding anodic current is plotted against MWCNT content in PPy/MnO, — MWCNTs. The mechanism of
percolation in the PPy/MnO, — MWCNT composite is illustrated schematically. (1) Before percolation, randomly oriented MWCNTs cannot form a
conductive pathway. (2) At a critical concentration of 3 wt% of MWCNTSs, maximum percolation is achieved by forming MWCNT networks. (3) After
percolation, elevated amounts of MWCNTSs led to dense or agglomerated CNT networks. (D) Cyclic voltammograms of (i) PPy/MnO, — 3% MWCNTSs,
(ii) pure PPy, (iii) pure MWCNTSs, and (iv) PPy — 3% MWCNT modified GCE in the presence of 1 mM nicotine at a scan rate of 50 mV s™*. The inset
shows the zoom-in view of the oxidation peaks. (E) Schematic illustration of the electrochemical oxidation of nicotine using PPy/MnO, — MWCNT
sheets on a commercial SPE. (F) Cyclic voltammograms of bare SPE and PPy/MnO, — 3% MWCNT modified SPE in the presence of 1 mM nicotine at

a scan rate of 50 mV s,

electrochemical nicotine sensors is to decrease the high over-
potential of nicotine oxidation and enhance the overall per-
formance. Here, MnO, NPs uniformly attached in PPy sheets
as in Fig. 3F1 and Fig. S7FT act as catalysts for the oxidation of
nicotine. The incorporation of a minimal amount of MWCNTSs
as a filler in PPy/MnO, improved the performance of the
electrochemical nicotine sensor with a 355% increase in the
potential of 0.68
V. Furthermore, the electrochemical detection of nicotine
using various other modified electrodes, such as pure PPy
(Fig. 5D.ii), pure MWCNTs (Fig. 5D.iii), and PPy - 3%
MWCNTs (Fig. 5D.iv) was also analyzed. These modified elec-
trodes did not give apparent peaks corresponding to nicotine

oxidation current at a low onset
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oxidation, as shown in the inset of Fig. 5D. The maximum
anodic currents from the respective CV scans of the three
potential electrodes (bare GCE, PPy/MnO, modified GCE, and
PPy/MnO, - 3% MWCNT modified GCE) were compared and
are presented in Fig. S14.1 The differential pulse voltammo-
grams of all modified electrodes in 1 mM nicotine were also
recorded (Fig. S157). This further confirms the exclusive cata-
Iytic activity of MnO, NPs in the oxidation of nicotine.

The printable nature of PPy/MnO,-MWCNT composites on
the SPE opens a new route for successfully preparing miniatur-
ized electrode set-ups for nicotine detection. The electro-
chemical sensing of nicotine in commercial screen printed
electrodes (Zensor TE100) was also tested. The schematic rep-
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resentation of nicotine oxidation by PPy/MnO,-MWCNTs on
the SPE is shown in Fig. 5E. The electrochemical oxidation of
nicotine is a two-electron mediated N-methyl hydroxylation
reaction (Fig. 5E).*>*" The PPy/Mn0,-3% MWCNT modified
SPE showed a high oxidation current of 175 pA towards the
electrochemical detection of 1 mM nicotine (Fig. 5F). The
difference in the anodic current of commercial SPE compared
to that of GCE may be attributed to the difference in the elec-
trode combinations, design, and materials used. The DPV
scans of bare and modified SPE are shown in Fig. S16.7 Thus,
the conductive composites of PPy/MnO, sheets are ideal for
successfully developing high-performance electrochemical nic-
otine sensors.

4. Conclusion

In summary, the high interfacial tension of the water/chloro-
form interface drives the interfacial adsorption of MnO,
attached PPy oligomers which led to the interface-assisted 2-D
microstructure tuning of PPy/MnO,. Pendant drop tensiometry
confirmed the gradual decrease of IFT (from 32 mN m™* to
17 mN m ') due to the adsorption of MnO, attached PPy oligo-
mers at the water/chloroform interface. The time-dependent
self-assembly of MnO, attached oligomers and polymerization
to form PPy/MnO, sheets were verified using UV-Vis and
Raman spectroscopy. Transmission electron and atomic force
microscopy techniques demonstrated the 2-D nature of ultra-
thin PPy/MnO,, sheets with the uniform incorporation of sub-
merged MnO, NPs. The evolution of bright Bragg spots from
diffusive rings confirmed the perpetual transition of amor-
phous to highly crystalline MnO, NPs at the interface. The
composites exhibiting a uniform distribution of ~6 nm MnO,
NPs were composited with MWCNTSs and identified as a poten-
tial electrochemical sensor for nicotine. The prepared electro-
des exhibited a very high oxidation current of 332 pA at a low
onset potential of 0.68 V. The printable nature of the compo-
site inks of PPy/MnO, with MWCNTs on a commercially avail-
able SPE was also assessed. It showed a high oxidation current
of 175 pA towards the electrochemical detection of 1 mM nic-
otine. The proposed synthesis strategy may open new pathways
to develop multifunctional polymer nanocomposite films with
attractive morphologies or structure-related properties.
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