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Polypyrrole (PPy) nanoparticles were synthesized successfully by oxidation polymerization in droplets by

microfluidic system. The oxidizing agent ammonium persulfate was added at various molar ratios with

respect to the monomer. The details of the procedure, droplet formation inside the channel and the

effects of various factors are described. The method is a fast and continuous way for the synthesis of

PPy. Products were characterized using Fourier-transform infrared spectroscopy, field emission scanning

electron microscopy, transmission electron microscopy, X-ray diffraction, thermal gravimetric analysis,

cyclic voltammetry, electrochemical impedance spectroscopy and photoluminescence spectroscopy.
1. Introduction

Since the development of polypyrrole (PPy) in 1979 (ref. 1) many
researches have been conducted on synthesizing and optimizing
the properties of the polymer. Among the various conducting
polymers, PPy has gained a lot of interest due to its tunable
electrical conductivity, environmental and thermal stability,
biocompatibility and potential applications in a diversity of
elds.2,3 The synthesis of PPy is possible by two major methods
including chemical and electrochemical synthesis.4 Although,
the properties of the nal polymer depend on the synthesis
method, the processability is still the general issue.5 In this
regard, micro and nanostructured conducting polymers have
been considered as a solution for this challenge.6 Although the
properties and potentials of PPy are well known, to date, PPy
nanoparticles have been synthesized using self-assembly or
template methods, in which, obviously, no precise control over
the size and morphology can be employed.7 Among several
available methods for the synthesis of polymers, one of the most
newly developed and interesting is the synthesis in microuidic
channels or microuidic polymerization.8 Generally in micro-
uidics, the rapid mixing of the reagents that provides homo-
geneous reaction environment, the continuous variation of the
reaction conditions, and the possibility of adding other necessary
reagents at precise time have made it an attractive technology for
a myriad of applications. Over the past decade, microuidics
allowed the screening of a variety of reaction conditions by the
systematic tuning of the ow rates, temperature, and reactant
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concentrations in order to optimize the quality of the resulting
products, while still using very small amounts of the reagents.
Simultaneously, there has been an increasing interest in the
development of novel nano- and micro-particle technologies for
drug delivery, imaging, bioanalysis, photonics, and optoelec-
tronic applications. The convergence of microuidic and particle
technologies has shown considerable promises allowing for the
emergence of novel inorganic products with narrow size distri-
bution or distinct shapes.7 However, relatively little has been
done for the microuidic synthesis of organic nanoparticles,9

such as polymer nanoparticles via polymerization reactions.
Therefore, beyond the attempts towards microuidic polymeri-
zation,8,10–12 a limited number of studies have been published on
the synthesis of conducting polymers in microchannels.7 For
microuidic polymerization, many potential advantages have
been reported, including monodisperse spherical particles
within a range of sizes, higher purity, the continuity of the
process, and the possibility of the layer by layer coating of the
particles.7 However, there are some crucial issues with micro-
uidic polymerizations, where the solidication of the polymer
inside the channels is the most important. One solution for the
latter problem is by carrying out the polymerization in droplets
moving alongside the microuidic system. Therefore, micro-
uidics with T-junctions are necessary to create droplets in
a moving main stream liquid. Two immiscible liquids are
required, so that one is forced into the second liquid through the
inlet at the T-junction. If the ow rates of the liquids are adjusted
properly, the droplet formation will be rapid, reproducible, and
with size and shape controlled.13 In this study, an in-droplet
polymerization of pyrrole (Py), a conducting polymer with a fast
redox polymerization kinetics producing solid insoluble poly-
pyrrole (PPy), has been disclosed. The droplets are aqueous
solution of the necessary chemicals including polymerization
initiator being formed in the second owing organic phase
containing monomer.
RSC Adv., 2019, 9, 16977–16988 | 16977
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Different relative molar concentrations of monomer with
respect to initiator were examined so that oxidant (ammonium
persulfate) to monomer (Py) relative concentration could affect
themorphology, chemical structure, and conductivity of the PPy
products. The polymerization occurred via the diffusion of
monomer from the outer organic phase into the aqueous
droplets. The designed and constructed microchannel system
consisted of a long tube with two T-shape entrances made of
silicone rubber. The detailed specications and channel
formation procedure in addition to the ow rate optimization to
achieve the desired droplets were investigated and described in
another publication.14 The microuidic procedure provided an
inexpensive, fast, one-step synthesis route for the fabrication of
PPy particles with the control over size and functionality,
offering a simple platform to encapsulate biomolecules for
sensing and controlled drug release applications.

In addition to the synthesis in microchannel, PPy samples
were characterized and compared with PPy obtained by
a regular oxidation polymerization.
2. Experimental
2.1. Materials

Sylgard 184 silicone elastomers kits (polydimethylsiloxane,
PDMS, and curing agent) were purchased from Dow Corning Co
(Midland, MI). Commercial Nylon (3m3 shing line, China) with
microwire diameters of 150 and 800 mm were used. Ammonium
persulfate (APS), sodium sulfate, pyrrole, hexadecane,
Fig. 1 Schematic of themicrofluidic polymerization system. Aqueous droplet
while Pymonomers are injected from the later T-junction joint. As the droplet
by the diffusion of the monomers into the droplet, where monomer concen

16978 | RSC Adv., 2019, 9, 16977–16988
chloroform, diisopropylamine and ethanol were purchased from
Merck (Germany). Span®80 was purchased from Sigma-Aldrich
as a surfactant. Pyrrole monomer was distilled before use. All
the other reagents were used as received. Digitally operated
syringe pumps (Injectomat Agilia, Fresenius Kabi, France) were
used for the injection of reactants in a constant ow rate.
2.2. Fabrication of microuidic device

The double T-junction microuidic reactor (Fig. 1) was fabri-
cated with PDMS by wire molding method as described in more
details in a previously published study.14 Briey, a wire was xed
and stretched to its full length inside the semi-cylindrical mold
cavity. Then, the degassed PDMS mixture was poured inside the
cavity so that the wire behaved like the core axis of the cylinder.
PDMS was cured at 100 �C for 35 min according to the product
data sheet. Finally, the cured PDMS was immersed in 70/30 (v/v)
mixture of chloroform/diisopropylamine to swell the polymer
for the easier removal of the wire. The main channel diameter
was 800 mm, while the side channels were 150 mm in diameter.
2.3. Polymerization in microchannel reactor and in-bulk for
comparison

The polymerization was carried out in droplets formedwithin the
microchannel, as is shown in Fig. 1. The droplet formation and
all the involved parameters were investigated and published
elsewhere.15 Two immiscible liquids were used, where the rst
one consisted of hexadecane and a surfactant (continuous
s containing APS are formedwithin themain streaming phase (hexadecane),
s proceedwithin the channel, the polymerization occurs inside the droplets
tration decreases. This provides the driving force for monomer diffusion.

This journal is © The Royal Society of Chemistry 2019
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phase), while the second phase was an aqueous APS (oxidizing
agent). From side channel 1, the aqueous APS was introduced
with a controlled ow rate into hexadecane streaming through
the main channel under controlled ow rate. Therefore, due to
the insolubility of aqueous APS in hexadecane, droplets were
formed and moved by moving hexadecane. The monomer was
injected into hexadecane via side channel 2. The polymerization
was performed by the diffusion of pyrrole from hexadecane into
the APS droplets as they moved along the main channel, which
was evidenced by the change in color from colorless to dark. The
driving force for monomer diffusion was of course the concen-
tration prole,16 which decreased from the main stream phase
towards the droplet surface and the inside of the droplet, in
which the polymerization occurred.

The mechanism of PPy formation was the redox polymeri-
zation that started from APS and cation-radical formation, fol-
lowed by the coupling of the radicals as is shown in Scheme
1.16–18 APS is one of the mostly used oxidizing agent, however,
other chemicals, such as FeCl3, can also be used.

In a typical synthesis, the continuous phase consisting of
hexadecane and Span®80 (20 wt%) started to pass through the
main channel with a controlled ow rate (Fig. 1). Aqueous
solution of APS (0.4 M) was injected through the rst side
channel forming uniformmicro droplets of APS solution within
hexadecane. Through the second side channel, a solution of
pyrrole in hexadecane and Span®80 (20 wt%) was introduced.
By moving the droplets inside the channel, the polymerization
was taking place inside the droplets by the diffusion of the
monomers and changing the color of the droplets to dark
greenish. At the end of the channel, the solidied droplets were
collected in a beaker, which were washed successively by
ethanol and distilled water aer ltration. The product was
dried for 24 h under reduced pressure at 60 �C. The ow rates
play an important role in the droplet formation, size, moving
Scheme 1 Chemical oxidative polymerization of pyrrole (adapted from

Table 1 Encoding system and polymerization parameters for different P

Sample code
APS/pyrrole
molar ratio

Droplet size
(ave.) Flow ratea

Pmic11 1 : 1 555 mm Phase 1 ¼ 3 m
Pmic21 2 : 1 560 mm The same as Pm
Pmac21 2 : 1 — Bulk and batch

a Phase 1 ¼ hexadecan + Span®80, phase 2 ¼ aqueous APS, and phase 3

This journal is © The Royal Society of Chemistry 2019
speed and residence time inside the channel, which in turn
depend on the polymerization kinetics. The implied ow rates
were indeed the optimized ow rates found in several trials. In
the ESI,† videos and snapshots are provided to visualize the
polymerization process taking place inside the channels. In the
supported multimedia les, the sizes of the droplets moving
alongside the microchannel are clearly visible, while the color of
the droplets changes as polymerization proceeds.

In order to compare the in-microchannel synthesized PPy
with that obtained from the traditional bulk synthesis,
a simulated bulk synthesis of PPy was carried out in a beaker
using the same reagents. To a solution of Span®80 (20 wt%)
in hexadecane, an aqueous solution of APS (0.4 M) was added
under stirring. Then, a solution of pyrrole in hexadecane
containing Span®80 (20 wt%) was added and the polymeri-
zation was continued for 2 h at room temperature. The
precipitate was ltered, washed and dried according to the
method described for in-microchannel synthesis. Table 1
summarizes the experimental conditions and the encoding
system of the samples.

2.4. Characterization

Fourier-transform infrared (FTIR) spectroscopy was per-
formed using KBr pellets on a Bruker Tensor 27 FT-IR
spectrometer. The morphological investigation was per-
formed using a Tescan Mira 3 eld emission scanning
electron microscope (FESEM). The samples were prepared
by dispersing the nanoparticles in ethanol, and dropping
and drying the solution over the SEM stabs. Transmission
electron microscopy (TEM) was performed using a Philips
EM 208 S transmission electron microscope operating at 100
keV. The samples were prepared by casting and drying
a drop of the particles dispersed in ethanol over a carbon
coated copper grids. Thermogravimetric analyses (TGA)
ref. 18).

Py samples

Temperature

L h�1, phase 2 ¼ 0.1 mL h�1, phase 3 ¼ 3.1 mL h�1 RT
ic11 RT
system RT

¼ phase 1 + monomer.

RSC Adv., 2019, 9, 16977–16988 | 16979
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were performed using TGA/SDTA851e Mettler Toledo
instrument under N2 streaming atmosphere between room
temperature and 700 �C at 10 �C min�1 heating rate. XRD
patterns were obtained using a Bruker D8 Advance diffrac-
tometer using a monochromatic Cu–K(a) radiation source (l
¼ 0.154058 nm) between 10� to 90�, 2q scale. Cyclic vol-
tammetry (CV, Origaex potentiostat) was measured using
a three-electrode system with Cu/PPy as the working elec-
trode (1 cm2 area), Pt wire and a SCE as the reference elec-
trodes. The supporting electrolyte was Na2SO4 (0.5 M) in
water and scans were performed from �800 to 800 mV at
different voltage sweeping rates. Electro-chemical imped-
ance (EIS) studies were performed by OCP at AC voltage and
frequency range of 0.01 Hz to 100 kHz. A spectrouorometer
JASCO FP-6200 was used to record the absorption and pho-
toluminescence (PL) spectra of the samples. The excitation
was performed at the maximum absorption wavelength of
the samples (270 nm) in the solid state at room temperature.
3. Results and discussion
3.1. FTIR spectroscopy

Fig. 2 shows the FTIR spectroscopy of the as-synthesized PPy.
The spectra show characteristic peaks of PPy.19,20 The peaks at
610, 675 and 789 cm�1 originated from the C–H wagging
vibrations. The peak near the 909 cm�1 can be attributed to the
C–H out-of-plane deformation vibrations. The band of ]C–H
in-plane deformation is located at 1042 cm�1. The peak at
1181 cm�1 corresponds to the breathing vibration of pyrrole
ring. The peak at 1301 cm�1 is due to the C–C in-ring stretching
and C–N deformation mode. The peaks observed at 1467 and
1551 cm�1 are due to the stretching vibrations of C–N and C]C
of PPy ring, respectively.13,14

However, there are some differences when the spectra of
different samples are compared, including slightly shied
wavenumbers and intensity changes in common peaks. As can
be seen, the peak located at 1401 cm�1 is quiet sharp in Pmic11
while it presents lower intensity in Pmic21 and is completely
missing in Pmac21. Moreover, the peak appearing at 610 cm�1
Fig. 2 FTIR spectra of (a) Pmac21, (b) Pmic21 and (c) Pmic11.

16980 | RSC Adv., 2019, 9, 16977–16988
in Pmic21 and Pmac21 shied to lower frequency in Pmic11
with higher intensity.

The absence of the peak at ca. 735 cm�1, attributed to the
–N–H out-of-plane vibrations of pure pyrrole, indicates the
inter-chain hydrogen bond formation and 2-D structure of
PPy in the samples. From the other hand, the lack of the peak
at 1900 cm�1 that is related to the intra-chain charge carrier
excitations indicates the absence of the doped chains in the
samples, which is quiet usual when APS is used as the
oxidizing agent. Small peak at 1713 cm�1 in Pmic21 and
Pmic11, can be attributed to the overoxidation and –N–C]O
carbonyl group formation mainly at the terminal pyrrole
rings. The peak at 1401 cm�1, which is attributed to the C–C
(monomer) and C–N ring stretching, explains a lower
monomer conversion in Pmic11 as compared to Pmic21.21

Accordingly, the peak at 610 cm�1, which is attributed to the
in-plane C–H vibrations of the terminal pyrrole units is
shied to lower frequencies and it presents higher intensity
in Pmic11, conrming the lower conversation in this sample
with respect to Pmic21.
3.2. X-ray diffraction analysis

Fig. 3 shows the X-ray diffraction patterns for Pmic21 and
Pmic11. There are broad peaks between 2q ¼ 15� and 30�,
revealing the short range arrangement of PPy chains, which
is equal to the amorphous structure of PPy samples synthe-
sized in microchannel.
3.3. Morphology of the PPy nanoparticles

The morphological characteristics of the in-microchannel
synthesized PPys studied by FESEM are shown in Fig. 4. It
revealed that the particles consisted of linked globular sub-
particles. The individual globule is irregular in shape with
a rough surface, which is mostly called as cauliower
morphology. No major difference in the FESEM images of
Pmic11 and Pmic21 samples is detectable; however, in TEM
images shown in Fig. 5, single particles of about 60–80 nm in
diameter are visible. Moreover, the microstructure of the
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 X-ray diffraction pattern for (a) Pmic11 and (b) Pmic21.
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particles of Pmic11 is more regular in shape with sharp
edges. However, when compared with Pmic21 (Fig. 5c and d),
Pmic11 particles are in less contrast with the surrounding
Fig. 4 FESEM images of Pmic11 (a and b) and Pmic21 (c and d).

This journal is © The Royal Society of Chemistry 2019
background, which is an indication for lower density parti-
cles. On the other hand, in Fig. 5e, Pmac21 particles appear
with completely different morphology. The particles are
RSC Adv., 2019, 9, 16977–16988 | 16981
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Fig. 5 TEM images of Pmic11 (a and b), Pmic21 (c and d) and Pmac21 (e and f).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
M

ay
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

0/
16

/2
02

5 
5:

57
:1

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
much bigger in size and are mostly aggregated into the
clusters of many particles. Individual Pmac21 particles
(Fig. 5f) show higher contrast images with particle sizes
around 70–180 nm.

Therefore, the droplets are micron-sized however, smaller
nano-sized particles are formed inside them in effect of the
used surfactant. In other words, this was not the suspension
polymerization, in which the product particles are of the
same size of the monomer droplets.
16982 | RSC Adv., 2019, 9, 16977–16988
3.4. Thermal analysis

The TGA thermograms of two PPy samples are shown in
Fig. 6. The rst 15% weight loss starts at 100 �C and
continues up to 230 �C. The second and the main weight loss
occurs at 250 �C and goes with a sharp weight loss of up to
35% at 350 �C. Then, the process slows down later and rea-
ches 25 and 22% of char yield at 700 �C for Pmic11 and
Pmic21, respectively. In conclusion, Pmic11 and Pmic21
presented a thermal behavior.
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 TGA graphs of (a) Pmic11 and (b) Pmic21. The dashed lines are the corresponding DTG.
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3.5. Photoluminescence spectroscopy (PL)

Fig. 7 shows the photoluminescence spectra of the samples.
There are two peaks for both samples, one with lower
intensity, which appears at 430 (Pmic21) and 432 (Pmic11),
and the stronger one at lower wavelengths: 302 (Pmic21) and
304 (Pmic11). The peak at higher wavelength can be regarded
as the surface charge redistribution from the surface defects
of the PPy particles or vibronic coupling22,23 while the
stronger one at shorter wavelengths can be considered as the
main charge recombination process or the orescence
quenching of the photo induced charge carriers. Obviously,
there is no signicant shi in the peaks of the samples shown
in Fig. 7. The peak shis can have their origin in the effective
conjugated length in the polymer.24–26 Therefore; the same
wavelength observed for the peaks shows equal effective
conjugated length for both of the samples, being indepen-
dent of APS to monomer molar ratio. The difference in PL
spectra of the samples lays in the intensities of the peaks,
Fig. 7 PL spectra of (a) Pmic21 and (b) Pmic11.

This journal is © The Royal Society of Chemistry 2019
which are higher for Pmic21. The aggregation of the parti-
cles,27 band gap structure (direct or indirect) and anti-
polaron free chain structure,28 rigidity and planner confor-
mation of the chains, charge transfer to counter ions,29

particle size and density of the particles,27 non-radiative
quenching phenomena or self-absorption30 and excitation
wavelength31 are among the investigated reasons that can
affect the PL intensities in conjugated homopolymers.
Having other experimental evidences from FTIR, SEM and
TEM in addition to CV, lower conversion or lower molecular
weight, less particle density, lower conjugation length (band
gap structure) and loosely bonded particles in Pmic11
compared to Pmic21 can be regarded as the main reasons for
different PL responses between Pmic21 and Pmic11 samples.
3.6. Cyclic voltammetry

The cyclic voltammetry was performed using Cu electrodes
covered with PPy nanoparticles as working electrodes. The
redox behavior of PPy samples was investigated using cyclic
voltammetry (CV) measured between �800 and 800 mV at
various scan rates, as shown in Fig. 8 and are summarized in
Table 2. On the positive voltage side, an anodic peak appears,
which is related to the doping processes in PPy. On the negative
voltage side, a cathodic peak appears showing the reduction of
the oxidized polymer, i.e. the de-doping of PPy. In all of the
samples, cathodic currents are lower than those of anodic
currents, which is due to the lower rate of the counter ion
removal from the oxidized (doped) polymer. From Table 2,
a large positive shi is observed for the cathodic peaks and also
a negative shi for the anodic peaks, resulting in DVp (DVp ¼ Va
� Vc) increasing with the scan rate. This indicates the quasi-
reversible reactions at the surface of the electrode.17 The
dependence of anodic peak current on the scan rate is expressed
by eqn (1):
RSC Adv., 2019, 9, 16977–16988 | 16983
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Fig. 8 Cyclic voltammograms for (a) Pmac21, (b) Pmic11 and (c) Pmic21.
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log Ia ¼ log A + x log v (1)

In which A is proportion constant and v is the scan rate. The
obtained x values are 0.427, 0.346, and 0.398 (with R2 greater
than 0.99) for Pmac21, Pmic21 and Pmic11, respectively, as
shown in Fig. 9a. Moreover, Fig. 9b shows the variation of
Table 2 Cyclic voltammetry data for different PPy samplesa

Sample y (mV s�1) Va (mV) Ia (mA cm�2) Qa

Pmic21 5 289.9 1.779 1138
10 362.8 2.209 1353
50 651.7 3.865 2236

100 768.2 5.001 2613
Pmic11 5 259.7 0.811 243

10 344.8 1.165 407
50 572.5 2.305 1040

100 732.2 2.922 1376
Pmac21 5 266.4 0.809 250

10 309.6 1.085 331
50 523.3 1.986 943

100 661.5 2.713 1306

a y: potential scanning rate, Va: anodic peak potential, Vc: cathodic peak po
CV anodic peak, Qc: area under CV cathodic peak, DVp: peak potential dis

16984 | RSC Adv., 2019, 9, 16977–16988
anodic potential Va as a function of anodic peak current Ia. A
linear dependence is observed for all of the samples with the
slopes representing the ohmic drop and ohmic resistance of the
electroactive materials at the electrode surface. The values are
212.89, 152.17 and 218.78 for Pmac21, Pmic21 and Pmic11,
respectively, showing higher electrical conductivity for Pmic21
Vc (mV) Ic (mA cm�2) Qc DVp (V) (Qa + Qc)

�7.7 0.306 749 0.297 1887
�196.7 0.475 748 0.559 2101
�412.7 2.454 2109 1.064 4345
�610.7 4.08 3325 1.378 5938
�33.4 0.08 173 0.293 416
�142.7 0.398 288 0.487 695
�388.4 1.585 885 0.96 1925
�638.2 2.824 2006 1.37 3382
�35.2 0.130 187 0.301 437
�146.3 0.325 254 0.455 585
�357.8 1.196 777 0.881 1720
�533.8 2.055 1617 1.195 2923

tential, Ia: anodic peak current, Ic: cathodic peak current, Qa: area under
tance (DVp ¼ Va � Vc).

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Cyclic voltammetry data manipulation: (a) plot of log Ia vs. log n and (b) linear plot of anodic peak potential Va, vs. anodic peak current Ia.
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with respect to the Pmic11 and Pamc21 samples.32 This has to
be emphasized that the conductivity values are based on the
overall results from the electrochemical observations. It means
that the morphological aspects, for instance, the effective
surface area of the particles in contact with the electrode
surface, have to be considered in order to compare the intrinsic
conductivity of the samples.

The capacitance from CV experiments can be calculated
using eqn (2):

C ¼ 1

2v DV

ðV0

V0þDV

IdV (2)

where C is capacitance, v is the potential scanning rate, v0 is the
initial potential of the CV curve, DV is the potential window and
I is the current.20 Therefore, numerical values for the area under
the peak of anodic Qa, cathodic Qc and total Q (Q¼ Qa + Qc) were
calculated and are given in Table 2. The values for individual Qa

or Qc as well as Q were always greater for Pmic21 than those for
other samples, showing its higher capacitance. Therefore, it can
This journal is © The Royal Society of Chemistry 2019
be concluded that the effective surface area of the electroactive
materials on the electrode and the total effective area of the
double-layer is, therefore, higher in Pmic21 in relation to
Pmac21 and Pmic11. This conclusion is in agreement with the
results obtained from PL experiments and also results from
SEM and TEM.

3.7. Electrochemical impedance spectroscopy

The Nyquist plots obtained for PPy-coated electrodes are shown
in Fig. 10. The coated electrodes were held in the electrolyte
solution for 50 min, and then at the open circuit voltage for
10 min to reach equilibrium. A dual time constant equivalent
circuit was obtained from the Nyquist plots, as shown in
Fig. 11.33 The equivalent circuit species two simultaneous
processes occurring in either the bulk of the electroactive
polymer or at the electrolyte/polymer interface. In the equiva-
lent circuit, Rs is the resistance of the electrolyte, CPEf and Rf are
the constant phase element of the geometrical pseudocapaci-
tance and the bulk resistance of the PPy lm, respectively. CPEdl
RSC Adv., 2019, 9, 16977–16988 | 16985
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Fig. 10 Nyquist plots for the PPys: Pmac21 (V), Pmic11 (,) and Pmic21 (B). Inset is the impedance spectrum at high frequencies. Frequency
range: 0.01 to 105 Hz.

Fig. 11 Equivalent electric circuit to fit the impedance spectra.
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is the electrical double layer at the polymer/solution interface,
while Rct is the charge transfer resistance at this interface. The
tting parametric data are given in Table 3 by limiting the
relative error at the value to less than 5% for each element.

The geometrical pseudocapacitance parameter Rf, decreases
strongly from Pmac21 (754.61 kU) to Pmic11 (350.65 kU) to
Pmic21 (108.00 kU), which corresponds to a decrease in the
real-part impedance extension of the high-frequency semi-
circle.34 Such decrease could be related to the different struc-
tures and electroactivities of the samples synthesized at
different APS/monomer molar ratios and in microchannel
Table 3 Fitting parameters of the impedance spectra in Fig. 10 for PPys

Sample Rs (U cm2) Rf (kU cm2) CPEf-T (F cm�2)

Pmac21 89.50 754.61 1.452 � 10�5

Pmic11 91.75 350.65 1.932 � 10�5

Pmic21 120.80 108.00 6.312 � 10�5

16986 | RSC Adv., 2019, 9, 16977–16988
rather than in macro-state. It is also seen that CPEf and CPEdl
values are higher for Pmic21 (evident from CPEf-T and CPEdl-T
values in Table 3). For Pmic21, CPEf-T and CPEdl-T values are
6.312 � 10�5 and 91 � 10�5, respectively, while these are only
1.932 � 10�5 and 8.747 � 10�5 respectively for Pmic11, and
1.425 � 10�5 and 2.81 � 10�5 respectively for Pmac21. The
increase in the CPEf value could be explained by an increase in
the charge storage capacity in the sample, while the increase in
the CPEdl value could be related to the increased exposed
surface area in Pmic21 (smaller particles). This conrms the
discussion provided previously in Section 3.6 using the CV data.
Moreover, faster charge transfer at the polymer/electrolyte
interface is observed, since Rct is much lower for Pmic21
(0.673 kU cm2) as compared to Pmic11 (114.680 kU cm2) and
Pmac21 (129.810 kU cm2).

Fig. 12 shows the Bode diagram for the samples. As can be
seen, there is a two order of magnitude decrease in observed
impedance for Pmic21 as compared to Pmic11 and Pmac21 over
the whole range of the frequencies. This is attributed to a high
CPEf-P Rct (kU cm2) CPEdl-T (F cm�2) CPEdl-P

0.591 129.810 2.815 � 10�5 0.855
0.580 114.680 8.747 � 10�5 0.824
0.471 0.673 91.000 � 10�5 0.964

This journal is © The Royal Society of Chemistry 2019
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Fig. 12 Bode diagram of PPy samples.
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ion conductivity and high surface area of Pmic21 particles as
compared to other samples.35

4. Conclusions

It is possible to design and construct specic microchannel
reactors in order to synthesize conducting polymers inside the
microchannels. The major problem with this goal is the solid-
ication of the polymer, which results in the channel blocking
and precipitation of the products inside of the channel. The
other difficulty is the time needed for reaction proceeding. The
rst problem was solved by the droplet formation so that the
oxidizing agent was in the aqueous droplet, and the monomer
was dissolved in the surrounding phase (the moving phase).
The polymerization occurred by the diffusion of monomer from
surrounding phase into the droplets. The ow rates, in addition
to uid properties, had to be controlled and adjusted for the
droplet formation. The required reaction time could be satised
by providing a long microchannel so that the droplets remained
for longer times inside the microchannel to complete the
polymerization. Therefore, by using the microchannel reactor
and process details described in the study, polypyrrole nano-
particles were successfully synthesized, for the rst time, in
microchannel. Oxidant/monomer molar ratio of 2 : 1, when
used for in-microchannel synthesis, resulted in polypyrrole with
higher conductivity and higher relative electrical capacitance
than the PPy comparatively synthesized by regular bulk method.
The results showed that the in-microchannel synthesis could
afford high quality conducting polymer nanoparticles. The in-
microchannel polymers with tunable spherical sizes, can be
used as coating dispersions, additive particles or in combina-
tion with other materials and polymers. There are other possi-
bilities for the preparation of nanosized conducting polymers
inside themicrochannel, for example coating by other materials
or the synthesis of layer-by-layer nano andmicronsized spheres.
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