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Abstract: Compositing and hybridizing compounds is a generally accepted route to making new
materials that perform better than the individual components taken separately. Herein, we describe
anew electrochemical route for constructing hybrid materials from Polypyrrole (PPy). In this context,
thin films of silica layer (5i) deposited by electro-assisted on a flexible ITO (f-ITO) surface modified
by diazonium salt (f-ITO-NH:) were covered with an adhesive layer of polypyrroles. Deposition
periods ranging from 20 to 45 seconds produce more electroactive silica layers. The electrochemical
method confirmed the growth of a silica layer on the surface of the f-ITO-NH2 electrode. The different
flexible electrodes were characterized by XPS, by electrochemical and scanning electron microscopy
(SEM), which showed the central role of the diazonium chemical interface in the development of PPy
on the silica layer. According to cyclic voltammetric studies, altering the f-ITO surface with
diazonium salts produces PPy-Si polymers with more conductivity than a comparable coating
without integrated treatment. This work demonstrates the power of a subtle combination of
diazonium coupling agents on f-ITO, silica layer, and conductive polymers (f-ITO-NH2-5i-PPy) to
design high-performance electrochemical materials.

Keywords: diazonium,; silica; polypyrrole; flexible ITO; surface modification

1. Introduction

Silica-based materials are generally recognized as ideal for structuring polymers due to their
large surface area and adjustable pore structure [1-4]. Moreover, conducting organic polymers,
including polypyrrole (PPy), have been extensively researched because of their functionalization,
high polarizability, and tunable conductivity [5]. Therefore, silica/polypyrrole composites and films
raised immense interest in designing HPLC stationary phases [6], smart molecularly imprinted
sensors [7], magnetic hybrid support of nanocatalysts [8], and electrorheological material [9], to name
but these hybrid systems.

At this level, a lot of work has focused on the use of mesoporous silica for the design of
structured polypyrrole [10-13]. To this end, several silica layer synthesis routes have been reported
in the literature for initiating polypyrrole layers, namely co-precipitation [14], the sonochemical
method [Error! Bookmark not defined.], the solvothermal route[Error! Bookmark not defined.], and
the electrochemical method [15]. These procedures are based on the method of preparing highly
ordered mesoporous silica films in nanorods deposited on the substrate, then fibrous polypyrrole
will be prepared by polymerization in silica particles using dopants [16]. Other researchers have
developed mesoporous composites by oxidative polymerization. The preparation of mesoporous
silica initiates this method and then the monomer is chemically oxidized to prepare the composite
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[17]. However, these materials exhibit a decrease in their electrical properties compared to
unmodified polymers, which limits their applications in certain areas [Error! Bookmark not
defined.]. For example, the conductivity of polypyrrole (PPy) confined in ordered mesoporous silica
is less than 4.109 S.cm-1 compared to that of naked PPy at the same conditions [Error! Bookmark not
defined.]. This is due to the encapsulation of the conductive polymer in the mesoporous silica
channels leading to a significant reduction in electrical conductivity. [18-20]. Sometimes, the reason
is the use of the silica layer causes passivity of the polymer layer during its formation. This fact
indicates that most of the PPy is located inside the silica channels rather than on the outer surface

(scheme 1).
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Scheme 1. Schematic representation of a) the silica layer and b) the Silica surface with pores filled
with polypyrrole.c) Conductivity variation from PPy to silica/PPy.

Nowadays little work is focused on resolving the efficiency and increasing the formation of
polymers on a silica layer. This specific objective is of importance effective improvement of the silica
layer [21,22]. Specifically, electrochemistry has shown itself to be a practical method for producing
silica layers with regulated sizes, strong electroactivity, and good stability [23]. This technique can be
used to create silica/polymer composite films whose conductivity varies based on the silica layer
deposition [Error! Bookmark not defined.]. To the best of our knowledge, no research has been
conducted on creating hybrid silica/polypyrrole composites that are more conductive than bare
polypyrrole [Error! Bookmark not defined.]. This motivated us to study diazonium modification of
a flexible ITO electrode before the sequential electrochemical deposition of silica layers followed by
pyrrole electropolymerization. At the same time, the interface chemistry of diazonium salts offers the
possibility of obtaining highly ordered and oriented structures of the silica layers which leads to the
reduction of pore size and a reactive surface [24].

Therefore, this work aims to electrochemically prepare polypyrrole hybrid materials adhering
to a silica layer deposited on a flexible ITO surface modified by aryl diazonium monolayers [25,26].
Thanks to the chemical interface of diazonium, this hybrid material is more conductive than
unmodified polypyrrole under the same conditions. After the electrodeposition of silica,
electropolymerization was performed for the deposition of polypyrrole doped with benzene sulfonic
acid, an organic acid molecule. XPS, SEM, and electrochemical techniques were used to characterize
the resulting flexible electrode materials.

2. Experimental

2.1. Chemicals

Tetraethylorthosilicate (TEOS, 99.0%), cetyltrimethylammonium bromide (CTAB, 99.0%),
sodium nitrate (NaNOs, 99.0%), potassium ferricyanide (KsFe(CN)s, 99%), and pyrrole (Py, purity
99%) were purchased from Aldrich (Seoul, Korea). Hydrochloric acid (min 35%, Junsei), absolute
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ethanol (Merck), and ultrapure water (> 18 M, Millipore system) were used. Indium tin oxide (ITO,
0.7 mm, 50 Q) glass was purchased from JMI Korea. Potassium chloride (KCl), benzene sulfonic acid
(Aldrich, 97%), and p-phenylenediamine (PA) were refrigerated before synthesis.

2.2. Preparation of the Electrode f-ITO-NH»-5i(t)

Silica films were deposited on flexible ITO under the same conditions as described in [Error!
Bookmark not defined.]. Briefly, the solution used for the deposition of thin silica films was prepared
from a solution containing ethanol and 0.1 M aqueous NaNOs in a 1/1 v/v ratio. Then, TEOS (100
mM) and CTAB (32 mM) were added to the previous solution and the final pH was adjusted to 3
with HCL The solution was stirred for 2.5 hours for TEOS hydrolysis. Then it is transferred to an
electrochemical cell in which part of the surface of the flexible ITO electrode modified by diazonium
(A =0.5 cm?2) has been brought into contact with the solution. The formation of the silica layer on the
fITO electrode modified by diazonium salts [27] as a function of time (~ITO-NH2-Si(t)) was carried
out using the electro-assisted self-assembly method. (EASA) [28] by potentiostatic E= -1.1 V/ECS.
Deposition times ranging from 5 to 120 s have been used for this. All the ITO-NH2(45)-5i(t) electrodes
were placed in an oven for 12 hours at a constant temperature of 130 °C. The surfactant was extracted
using 0.1 M HCl in ethanol with gentle stirring for 20 min [29].

2.3. Electropolymerization and Characterization of Polypyrrole on f-ITO-NH»-Si

we carried out the electrochemical measurements wusing a fra2 pAUTOLAB
potentiostat/galvanostat. Electrodeposition of polypyrrole (PPy) films on f-ITO-NH2-Si electrode
materials was carried out in 20 mL of an aqueous solution containing benzene sulfonic acid (0.1M)
and pyrrole (0.1M). The curves are obtained by cyclic voltammetry between -1 and 1.2V/Ag/AgCl at
a scanning rate of 100 mV/s for 10 cycles. An electrolyte solution containing 1 mM KsFe(CN)s + 0.1 M
KClI solution was used to study the electrochemical characteristics of electrode materials. The study
of X-ray photoelectron spectra (XPS) and SEM images were respectively recorded using Thermo
Scientific K-Alpha X-ray photoelectron spectrometer (XPS) and JEOL JSM-7500F microscope.

In addition, the electrochemical active surface area (ECAs) of the ITO bare, ITO-Si(30), and ITO-
NH-2-5i(30) electrodes was calculated using the Randles-Sevcik equation [30]

Ip = (2.69 x 10°) n¥2ADV?v12 Co
where Ip is the anode peak current, A is the electrode surface area, D is the diffusion coefficient of
the species involved in the redox reactions (D = 7.60x10¢ cm?/s), Co is the concentration of the redox
probe (Co=10x10 mol/cm?) of Ks[Fe(CN)¢], v is the sweep rate and n is the number of electrons
transferred in the redox reaction (n=1).

3. Results and discussions

Scheme 2 illustrates the design procedures for PPy films in silica layers deposited by
electrochemically assisted self-assembly (EASA) on bare ITO and diazonium-modified ITO. This
procedure enabled for the first time the strategy for improving the electrochemical properties of
conductive PPy films with a silica layer on f-ITO (Scheme 3). This scheme displays the central role of
the chemical interface of diazonium salts in PPy construction with a silica layer on flexible ITO. It
shows that the modification of the f~ITO surface by diazonium salts gives the PPy associated with the
silica layer a higher conductivity compared to that deposited in similar conditions on bare f-ITO.
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Scheme 2. Design strategy for PPy conductor on a silica layer on bare ITO (top) and ITO-modified by diazonium
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Scheme 3. Upper panel: Cyclic voltammetry of the electropolymerization of polypyrrole films on the bare and
modified flexible ITO electrode. Low panel: Evolution of the conductivity of PPy associated with silica layer

from f-ITO bare to f-ITO-modified by diazonium.

3.1. Electro la Chemical Assisted Self-Assisted of Silica Layer on f-ITO-NH:

In Table 1, the intensity of the currents of the f-ITO-NH: electrodes modified by layers of silica
are described in this order f-ITO- NH2-5i(30) >f-ITO-NH2-5i(45) > f-ITO-NH2-5i(60) > f-ITO-NH-5i(20)
> f-ITO-NH2-5i(120). These results are due to an increase in the size of the silica layer causing a
blockage of electron movement and unequivocally proving the formation of the vertically oriented
silica template [Error! Bookmark not defined.]. Figure 1A shows an example of 120s CA
electrodiffusion of silica layer on the f-ITO-NH: surface. The curve shows no signs of passivation
during the growth of the silica layer on the f-ITO-NH: electrode for the indicated times.

In addition, we observe that 30s corresponds to the optimal time for electrodiffusion of silica by
chronoamperometry (CA) corresponds to the highest Ip value (Insert Figure 1A). It has a relatively
low AE value and a current intensity ratio near unity, thus corresponding to a more reversible and
more electroactive electrochemical process [Error! Bookmark not defined.].

The sensing platform’s electrochemical active surface area (ECA) was calculated using the
Randles-Sevcik equation [*']. The experimental results showed that the ECAs of f-ITO-5i(30) and f-
ITO-NH2-S5i(30) were 0.087 and 0.25 cm?, respectively. It demonstrates how the diazonium chemical
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contact expands the electrode’s surface and contributes to the charge transfer between the silicate
layer and the electrolyte media. These results confirm an interaction between the silica layer and the
diazonium salts. Figure 1B shows the cyclic voltammetry (CV) of the electrode materials of f-ITO
bare, f-ITO-5i(30), and f-ITO-NH:-Si(30). The redox couple voltammograms [Fe(CN)s]*** show an
almost reversible electrochemical response presenting a single oxidation and reduction peak. The CV
demonstrates that the f-ITO-5i(30) oxidation and reduction faradic currents are extremely low,
indicating that the electrode has been passivated. However, a significant improvement in redox
processes is observed in the case of the f-ITO-NH:-Si(30) electrode. According to the findings, the
electroactive surface coating causes the aryl layer to reduce the pore volume of the silica. [Error!
Bookmark not defined.].

Table 1. Comparison of electrochemical performances of f-ITO-NH>-Si(t) electrodes.

Ipg X

I,.10"2(uA 2y I
Electrodes 10~2(uA/ecm?) P° (uA/em?) Tpa

1 E,,(mV) E,.(mV) AE,(mV)

pc
ITO-NH-5i(20) 42.86 33.96 126 32273 13343 1893
ITO-NH:-5i(30) 88.92 95.63 092 27822 8412 1941
ITO-NH:-Si(45) 67.91 58.9 543 36536 681 34051
ITO-NH2-Si(60) 53.65 81.47 0.65 36828 -30.58  398.86

ITO-NHo-
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06 A
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Figure 1. (A) Electroreduction by CA at E=-1.1 V for 120 s. In insert Comparison of the oxidation currents (Ip)
presented in the cyclic voltammetry, with the different ITO electrodes modified by NH2-Si(t) with the indicated
times. (B) Cyclic voltammograms obtained for 1 mM Fe(CN)s 3/+- and 0.1 M KCI with a scanning rate of 50mV/s.

3.2. Electropolymerization of PPy of Flexible ITO Sheets

Electropolymerization of pyrrole on f-ITO bare (-ITO-PPy), fITO-Si(30) (f-ITO-Si-PPy), and f-
ITO-NH2-Si(30) (ITO-NH:-Si(t)-PPy) electrodes is followed by CV for 10 cycles (Figure 2). We
examined the EASA time for silica layers to initiate a conductive polypyrrole on diazonium-modified
ITO (Figure 2A). These results show the regular growth of PPy films on thin silica layers consisting
of mesoporous channels oriented vertically on diazonium-modified ITO. We also note the 30 s
electrodeposition time of the silica layer provided uniform thickness and optimal pore size leading
to better polypyrrole. These results confirm the work carried out by Walcarius on the deposition of
mesoporous silica layers on bare glass ITO [Error! Bookmark not defined.]. In parallel, we compared
the polypyrrole films electrodeposited on the surfaces f-ITO, fITO-5i(30), and f-ITO-NH:-Si(30)
(Figure 2B, C, D).

The voltammograms show the presence of an oxidation peak and a reduction peak which
increase in intensity depending on the number of cycles, thus reflecting the formation and regular
growth of an adherent polypyrrole film on the surfaces indicated.

The electropolymerisation curves for PPy films electrosynthesised on bare ITO show an
oxidation wave and a reduction peak at around 0.57 (Figure 2B). On the other hand, those for PPy on
£-ITO-Si(30) (Figure 2C) and f-ITO-5i(30)-NH: (Figure 2D) show oxidation/reduction peaks at around
(0.47/-0.12) and (0.23/-0.5) respectively. These results confirm the deposition of PPy films on different
surface interfaces. In addition, the intensity of the oxidation and reduction peaks are in this f~-ITO-
5i(30)-PPy> f-ITO-PPy> f-ITO-NH2-5i(30)-PPy. These results therefore confirm the possibility of
growing PPy films on silica layer matrices supported on f-ITO bare and on f-ITO modified by a
diazonium salt. The PPy film electrosynthesized on f-ITO-5i(30) (Figure 2C) decreases in anodic
current intensity of the order of 63.0% compared to bare f~ITO (Figure 2B). On the other hand, thanks
to the coupling of the diazonium agent on ITO then leads to the formation of new electroactive sites
of the microchannels thus increasing the intensity of the anodic current of the PPy obtained on f-ITO-
NH:-5i(30) (Figure D) of order 43.32%. This shows that the induction period is longer in the presence
of silica matrix on bare f-ITO surface than fITO-NH>, which can be explained by the fact that the
diazonium chemical interface improves the mass/charge transfer phenomena. In the confined
environment of microchannels [32].
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Figure 2. Cyclic voltammetry of the electropolymerization of pyrrole in an aqueous solution containing 0.1 M
pyrrole and 0.1 M benzenesulfonic acid (ABS) at a scan rate of 100 mV.s-1 for 10 cycles. on an A) f-ITO electrode
bare B) f~ITO-5i(30) C) fITO-NH2-5i(30).

3.3. SEM Analysis

The surface morphology of fITO, bare silica films on flexible fITO deposited by
electrochemically assisted self-assembly (EASA), PPy electrodeposited on f~ITO-Si and f-ITO-NHoe-
5i(30), was analyzed by electron microscopy scanning (Figure 3). In Figure 3A, SEM analysis of f-ITO
bare clearly shows a rough surface with some scattered aggregates. Figure 3a, produced on an f-ITO
surface modified by a layer of mesoporous silica, highlights a nanostructured network on the f-ITO
surface.

Figure 3C, one can observe that the PPy layer electrodeposited on f-ITO-5i(30) is in the form of
microspheres. The PPy on fITO-NH2-Si(30) shows high roughness, and continuous surface and
compact structure confirming a polypyrrole conductor (Figure D).
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Figure 3. SEM images of f-ITO bare (A), fITO-5i(30) (B), f-ITO-Si-PPy (C), and f-ITO-NH--S5i(30)-PPy (D).

3.4. Surface Chemical Composition (XPS)

Figure 4 shows the survey XPS spectram of the electrode materials f~ITO-5i(30), f-ITO-NH2-
5i(30), fITO-Si(30)-PPy, and f-ITO-NH>-5i(30)-PPy. in Figure 4a, a distinct In3d doublet with Sn3d
peaks emerges between 450 and 560 eV, and bare ITO displays a quasi-horizontal background in the
spectral range between 100 and 250 eV. The f-ITO-Si(30) XPS spectrum shows the presence of O 1s
(532.1 eV), Si 2p (104 eV), and C 1s (283.8 eV) (Figure 4b). It can be seen in Figure 4c of ITO-NHo>-
5i(30) that N 1s (399.1 eV) appears and the ITO peaks In3d and Sn3d sharply attenuated, indicating
that the silica layer was successfully charged on the surface f-ITO-NHo.

The spectrum of f-ITO-5i(30)-PPy (Figure 4d) exhibits an intense N1s peak from PPy, relatively
more intense than Nl1s from fITO-NH:-Si(30)-PPy (Figure 4e). This could be due to the
implementation of PPy in the mesoporous silica. Table 2 reports the surface elemental composition
of the f-ITO-NH2-5i(30)-PPy and its precursors.

The successful coupling of diazonium on the f-ITO surface and silica layer is confirmed by Figure
5 A which shows an energy shift of Si2p during the interaction between diazonium and silica layer.
Additionally, in Figure 5B, the high-resolution spectra of N1s in the f-ITO-NH-5i(30) region feature
two components assigned to the free and quaternized diazonium amine obtained from para-
phenylenediamine [33]. The N1s region of the polypyrrole electrodeposited on fITO-NH2-Si(30)
shown in Figure 5C is consistent with four components described in the literature [Error! Bookmark
not defined.]. The main PPy peak is centered at ~400 eV, the two nitrogen atoms of the N+ type
account for ~25% doping, and imine C=N type due to partial deprotonation and finally electronically
doped imine (-NH+ -) which confirms the design of PPy on f-ITO-NH2-5i(30) [Error! Bookmark not
defined.]. The XPS analysis of the f-ITO-5i(30)-PPy and ITO-NH2-5i(30)-PPy electrodes give a fairly
low doping rate of 7 and 18.01% respectively due to the competition of the free amine of the silica
mesoporous [Error! Bookmark not defined.]. The weakly intense S2p centered at ~168 eV (Figure 5D)
accounts for ABS dopant [34].
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Figure 5. High resolution of Si2p from f-ITO-5i(30) to f-ITO- NH2-Si(30) (A), and peak-fitted N1s regions f-ITO-
NH-2-Si(30) (B) and polypyrrole on f-ITO-NH:-5i(30) (C), High resolution of S2p of f~ITO- NH2-5i(30)-PPy (D).

Table 2. XPS determined surface elemental composition.

Materials Si (0] C N S In Sn

FITO - 39.1 325 - - 254  3.06
FITO-Si(30) 2790 5641 14.16 - - - -

fITO-NH--Si(30) 8.9 42.44  30.16 3.6 - 11.28 5.31
fITO-Si(30)-PPy 1254 3040  41.98 7.26 7.81 - -
fITO-NH:-Si(30)-PPy 3.82 1533 7722 1221 222 - -

4. Conclusion

In this study, the silica layer on bare f-ITO and fITO modified with diazonium salts was
prepared by the electro-assisted self-assembly (EASA) method. The deposition of these layers was
controlled by chronoamperometry and the flexible ITO further served as a platform for
electropolymerization of pyrrole thus enabling the fabrication of a conductive polypyrrole composite
film. The electrochemical properties show that the polypyrrole films electrodeposited on the silica
layer on fITO modified by diazonium salts exhibit better conductivity. In addition, the use of
diazonium salts on the f-ITO surface results in a more electroactive silica layer serving to initiate a
hybrid polypyrrole with very attractive characteristics. These results were supported by the SEM
imaging method showing that PPy on f-ITO-NH>-Si(30) presents a compact structure with nanoshells.
The method indicates a substantial 25% doping of polypyrrole offering potential electrochemical
applications.
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