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Simple and fast self-polymerization
of benzidine using anodic exfloated
graphene oxide nanosheet

Reza Dadashi?, Khalil Farhadi*?"* & Morteza Bahram*

Nowadays, researchers are looking for green synthesis methods of polymers that solve the
disadvantages of polymerization with different initiators and traditional methods. In this work, the
self-polymerization process of benzidine by anodic exfloated graphene oxide Nanosheet electrode
(AEGO Nsh) is reported for the first time in the world. The self-polymerization of benzidine onto AEGO
Nsh electrode was done by an easy and simple method by anodizing the graphite sheet followed by
immersing the AEGO Nsh electrode inside the benzidine monomer dissolved in organic and inorganic
acid media. The surface morphology of the self-polymerized benzidine (SPB) onto the AEGO Nsh (SPB/
AEGO Nsh) electrode was investigated by phone camera and scanning electron microscope (FE-SEM)
imaging. The chemical characterization of the SPB/AEGO Nsh electrode was verified through XPS and
ATR-IR analysis. Additionally, the self-polymerization of benzidine onto AEGO Nsh electrodes was
confirmed by electrochemical tests using cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) techniques. The results from these investigations unequivocally confirm the self-
polymerization of benzidine onto the AEGO Nsh electrode.
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Polymers are essential materials used in military, medical, engineering, transportation, and various industries'.
Conductive polymers are a type of polymers that have wide applications in the manufacture of energy storage
devices (batteries, supercapacitors), electronic equipment manufacturing industries, sensors, biosensors, medical
equipment, etc>>. The polymerization process of these polymers can be done in a traditional method and with
the presence of initiators such as radical, anionic, cationic, etc. initiators*-°. Since the polymerization process
with these expensive initiators is carried out in an acidic medium and in highly toxic organic solvents, which
requires special and difficult conditions’, researchers are looking for green synthesis methods to overcome these
problems.

Self-polymerization is a method in which the polymerization process occurs spontaneously and is considered
a green synthesis”®. This method can be used as an alternative method for synthesizing polymers traditionally
with different initiators due to reducing the cost and time of the polymerization process, saving energy, reducing
environmental risks, and being safe®!?. Self-polymerization process can be done on different substrates or by
using different catalysts. So far, researchers have polymerized a limited number of compounds with this method.
Postma et al. have reported the single-step thin film assembly process on various SiO, particles via the oxidative
self-polymerization of dopamine (DA) to form a range of single component polydopamine capsule systems!!.
Liu et al. have reported the self-polymerization of DA and polyethyleneimine (PEI-PDA) as fluorescent organic
nanoparticles through self-polymerization of DA in the presence of PEI'2. Chen et al. reported the self-
polymerization of acrylic acid (AA) with methyl 3-(aziridin-1-yl) propanoate (MAP) at ambient temperature!>.
It is very important to use biodegradable and inexpensive substrates for the process of self-polymerization as
a green and sustainable synthesis method for producing polymers. One of these substrates is graphite sheets,
which can be performed the self-polymerization process on them by creating graphene oxide (GO) nanosheets,
hydroxide, and radical groups through electrochemical processes'*!>.

Anodic exfoliation of graphite is a method that can increase the surface area of graphite sheets by creating
a large number of graphene nanosheets. Anodic exfoliation method has many advantages over conventional
exfoliation methods, including low-cost, simple operation, fast production-rate, and in-situ functionalization'®17.
Electrochemical exfoliation process has been studied in various electrolytes which has been proven in particular,
sulfate-containing electrolytes, such as H,SO,, (NH,),SO, and K,SO,, showed exceptional exfoliation efficiency
compared to other aqueous electrolyte systems'®. in this method when potential is applied to the graphite
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electrode, anodic oxidation of water generates hydroxyl ions (OH") or oxygen radicals (O°). The hydroxylation
and oxidation reactions of these ions and radicals at the edges of graphite open up the edge sites, facilitating
intercalation by anions, such as SO,*~ ! that these ions can act as initiators for self-polymerization reactions.

So far, the polymerization process of conductive polymers such as poly(p-aminophenol)!®, polyaniline,
polythiophene, polypyrrole, poly(3,4-ethylenedioxythiophene) (PEDOT), etc. has been done by different
initiators and in the traditional method and used in different fields**-?2. Conductive polymers are used in various
fields such as the removal of heavy metals and dye pollutants?>?*, electrochemical sensors*>%, energy storage
devices?, etc.

Benzidine is a biphenyl aromatic diamine compound that has been polymerized with ammonium
peroxydisulfate (APS) radical initiators. Polybenzidine (PB) and its composites have been used in fabricating
energy storage devices?®, designing sensors? and developing different analytical methods®**!. To the best of
our knowledge, there are no report about the self-polymerization of aromatic diamines especially benzidine in
literature.

In this work, for the first time, the self-polymerization process of benzidine on anodized graphite sheet is
reported. The use of this method and substrate is a starting point as a simple, cheap, and strong method for
application in various industries and polymerization of other aromatic diamine compounds.

Materials and methods
Chemicals
Graphite sheet (99% purity and 0.5 mm thickness) was purchased from Alfa Aesar Company, K,SO,,

NaHCO,, and benzidine (>99%) were purchased from Sigma-Alderich. All chemical reagents involving
H,S0,, HCl, CH,COOH, and HCIO , were purchased from Merck and used without further purification. Double
distilled water (DDW) was used to prepare all solutions.

Apparatus

DC power supply (DAZHENG, model PS-603D) was used for the anodizing process. The investigation of
functional groups created on graphite sheets after the anodizing process and self-polymerization of benzidine
was carried out by attenuated total reflection infrared (ATR- IR) spectra equipped with a Thermo Nicolet-USA
spectrometer. Investigation of the surface morphology of the electrodes after anodizing, self-polymerization,
and reduction of copper and nickel metals on GO nanosheets was done by a ZEISS Sigma VP scanning electron
microscope (FE-SEM). X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher) was employed
to prove the formation of PB chain from self-polymerization onto anodic exfloated GO nanosheet (AEGO Nsh)
electrode. Electrochemical studies to prove the stated claims were carried out by Autolab PGSTAT30 with a
conventional three-electrode cell and electrochemical software (GPES version 4.9).

Creating GO nanosheets on graphite sheets (anodizing process)

First, graphite sheets (Gshs) were cut into 1 cm X 3 cm size and sonicated in water and ethanol for 10 min to
clean their surface from any contaminations. All Gshs surfaces except the part to be anodized (1 cmx1 cm)
were insulated using Teflon tape. The prepared Gshs were separately anodized in 0.1 M sulfuric acid, sodium
bicarbonate, and potassium sulfate solutions. The anodizing process was carried out in a two-electrode system>?
in which a platinum sheet and a Gsh were selected as the cathode and anode, respectively. Two electrodes, anode
and cathode, were placed parallel (distance 1 cm) to each other and were anodized in different solutions by
applying a constant voltage of 10 V (0.5 A) for 150 s., then the other side of the Gsh was placed in front of the
Pt electrode and anodized for 150 s. Finally, after finishing the anodizing process, the surface of the anodized
graphite sheets (AEGO Nsh electrode) was washed several times with DDW and dried.

Self-polymerization process of benzidine

To carry out the self-polymerization process, first, a certain amount of benzidine monomer was prepared
separately in different acid solutions. Then, AEGO Nsh electrode and the bare graphite sheet were immersed
inside each of these solutions and after about 10 min, the AEGO Nsh and the bare graphite sheet electrode were
taken out from the solution and washed with DDW and were dried in the oven at 50 °C for 5 h. Table 1 shows
the different prepared solutions along with the benzidine monomer concentration.

Electropolymerization process of benzidine

The process of electrochemical polymerization of benzidine was carried out on a bare graphite sheet to
investigate its electrochemical behavior with a PB that is self-polymerized using an AEGO Nsh electrode.
According to previous studies®, first, a solution containing 1 mM benzidine and 0.1 M acetic acid was prepared.
Then, a graphite sheet electrode with a geometric surface area of 1 cm? was prepared, and finally, using the

Monomer concentration | Solution concentration | Solution
0.01 M 0.1M HCI

0.01 M 0.1 M CH,COOH
0.01M 0.1M HCIO,

Table 1. Different prepared solutions along with benzidine monomer concentration for the self-
polymerization process.
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electrochemical method in a three-electrode system (the working, counter, and reference electrodes were bare
graphite sheet, platinum sheet, and Ag/AgCl respectively) and with the CV technique. In the potential range of
-1to + 1V, with a scan rate of 40 mV/s, it was polymerized for 10 cycles. Finally, the electrode was washed with
DDW and dried to examine its electrochemical behavior.

Complying with relevant institutional, national and international guidelines and legislation. The authors
declare that all relevant institutional, national, and international guidelines and legislation were respected.

Results and discussion

Morphological studies of the self-polymerization of PB onto AEGO Nsh electrode

The appearance properties and morphological of each of the substrates were studied at each stage by phone camera
(Samsung Galaxy A31) and scanning electron microscope (FE-SEM) imaging, respectively. After immersing the
electrodes inside each of the different acidic solutions containing benzidine monomer, the electrodes were taken
out of the solution and their surface was photographed by phone, this process was checked during, before, and
after the self-polymerization process. Figure la and b show images of bare graphite electrodes, AEGO Nsh
electrode anodized in K,SO, solution, and self-polymerized benzidine onto AEGO Nsh electrode (SPB/AEGO
Nsh), after and during the self-polymerization process in acetic acid solution. As it is clear in this figure and
videol  (https://drive.google.com/file/d/1oxey]IPz7kuJviPcMnK]J-GBsmRBKFN9k/view?usp=sharing), after
immersing the AEGO Nsh electrode inside the solution containing benzidine monomers, the polymerization
process starts, and a layer of PB polymer is formed spontaneously on the surface, which is completely visible to
the unaided eye, and it is a preliminary confirmation of the claim of self-polymerization of this monomer on the
AEGO Nsh electrode.

To investigate the effect of the type of anodizing solution on the self-polymerization process, the graphite
sheet electrode was also anodized in sulfuric acid and sodium bicarbonate solutions, and like the previous
electrode to check the self-polymerization of benzidine onto these electrodes, the AEGO Nsh electrodes were
immersed in the acetic acid solution containing benzidine monomer. Figure 2a and b show the pictures of
the anodized electrodes in H,SO,, NaHCO, solutions and the polymerization process of benzidine on them,
respectively. As it is clear in the pictures, after immersing the electrodes in the benzidine monomer solution, the
polymerization process takes place and it shows that the polymerization process of benzidine can be formed on
the anodized electrodes in other electrolytes. This can be attributed to the formation of hydroxide radicals and
trapped electrons during the anodization process on the GO nanosheets created on the surface of the graphite
sheets.

Morphological studies of the surface of different electrodes were further investigated by FESEM analysis.
Figure 3 shows the FESEM images of bare graphite electrodes, AEGO Nsh electrodes anodized in K,SO,
solution, and self-polymerization of benzidine in CH,COOH, HCI, and HCIO, on the AEGO Nsh electrode.
According to the FESEM images, the bare graphite sheet electrode has a smooth and almost uniform surface
(Fig. 3a), after the anodizing process, due to the formation of GO nanosheets on its surface, the morphology
of its surface changes a rough and non-uniform state (Fig. 3b). Figure 3¢ shows the FESEM image of the SPB/
AEGO Nsh electrode in which the self-polymerization of benzidine occurred in the CH,COOH solution. As it
is clear in this image, PB is self-polymerized in the form of crystalline structures and specific morphology on
the surface of this electrode. Figure 3d and e show the FESEM images of the SPB/AEGO Nsh electrode that the
benzidine self-polymerization process took place on the electrode in HCI and HCIO, solutions. As it is clear
from these images, the morphology and amount of self-polymerization in the HCI, and HCIO, solution (mineral
acids environment) is different from the CH,COOH solution (organic acid environment). The reason for this
result is probably due to some characteristics of acetic acid, including providing a suitable environment for
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Fig. 1. The appearance image of different electrodes after (a) and during immerse (b) inside acetic acid
solution containing benzidine monomer.
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Fig. 2. The appearance image of different anodized electrodes in H,SO, (a) and NaHCO, solution (b) during
and after immerse in acetic acid solution containing benzidine monomer.

self-polymerization reaction, affecting the rate and efficiency of polymer formation. In this reaction, acetic acid
may act as a mild acid catalyst and promote the reaction between monomers by facilitating proton transfer. This
feature can increase the reactivity of functional groups and lead to more efficient polymer formation. Also, the
buffering properties of acetic acid can help maintain optimal pH during the polymerization process. Another
important factor may be related to the stabilization of reactive intermediates or radicals formed during the
self-polymerization process by acetic acid, which helps to control the reaction pathway and improve the yield.
Figure 3f shows SEM images of a cross-section of the SPB/AEGO Nsh electrode. As it is clear in this figure, the
thickness of SPB formed on the AEGO Nsh electrode is about 19.44 um.

Determining the possible mechanisms of the self-polymerization process of benzidine on
AEGO Nsh electrode

The self-polymerization process of benzidine onto AEGO Nsh electrode can occur by the hydroxyl radical
and trapped electrons among the GO nanosheets created during the electrochemical anodization process. As
mentioned in the previous section, electrochemical anodizing was done in different solutions by applying a
constant potential of 10 V (0.5 A). In this process, by applying voltage, the water splitting process occurs and
hydroxyl radicals are produced, which are accumulated among the graphite layers by forming a weak bond**3°.
The following reactions (Eqgs. 1,2) show the water-splitting process during electrochemical anodization and the
products produced®*3*.

H,0 <5 OH + H' o))
H,0 <5 OH + H* <5 O + H' (2)

In the next step, the available hydroxyl ions between the graphite layers react with the graphene oxides created
on the graphite surface and form hydroxyl groups on the graphene surface (Eq. 3)*%%. At this stage, all the
radicals produced are not converted into hydroxyl groups on the surface of graphene, and therefore some of
them remain free among the graphite layers.

2C (in graphene) + 2 HyO — 2C — OH(in graphene) + 2H" 4 2¢~ (3)

The basis for the formation of hydroxyl groups on GO sheets is probably due to the attack of nucleophilic *OH
and *O ions on the C sp? at the edges or defects in the graphite network. As it is clear in Eq. 3, during the
conversion of "OH into hydroxyl groups, some free electrons are also released due to the oxidation process, and
with the progress of the reaction, a few hydroxyl groups on graphene oxides are oxidized to epoxy and carbonyl
groups, and with the continuation of this process, some of the C-O groups on the surface are oxidized to CO and

CO, according to reactions 4 and 5 (Egs. 4,5):"~%.
C+ HyO — CO + 2H' + 2¢~ (4)
C+2H,0 — COy + 4HT + 4e™ (5)

In addition to the oxidation of “OH, the created O? ions can also react with carbon in graphene and create
carbon 0, COZ, CO and free electrons (Eq. 6).

2H,0 <5 207 +4H — Oy + 4HT + 4o~ (6)

According to the reactions that occurred during the electrochemical anodization process, some produced *OH
ions in this process and the electrons released with the progress of each step of the reaction are trapped between
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Fig. 3. FE-SEM images of bare graphite electrode (a), AEGO Nsh electrodes anodized in K,SO, solution (b),
self-polymerization of benzidine in CH,COOH (c), HCI (d), and HCIO, (e) on the AEGO Nsh electrode, and
FE-SEM images of the cross-section of the SPB/AEGO Nsh electrode (f).

the graphite layers and the created GO nanosheets, which are strong possibility can act as an initiator to start the
self-polymerization reaction of benzidine on the AEGO Nsh electrode.

Considering that benzidine is an aromatic diamine compound and can act as an electron donor from two
sides in para positions, therefore, each monomer can attack from one para position to another para position of
the monomer, and thus the self-polymerization process begins. This process probably happens in the presence
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of *OH ions and trapped electrons between the layers of GO and graphite during the anodization process. The
mechanism of polymerization as initiation, propagation and termination processes in the presence of *OH ions
and trapped electron inside the layers of GO and graphite are reported in Figs. 4 and 5.

Physicochemical characteristics of the SPB onto AEGO Nsh electrode

The physicochemical characteristics of the SPB/AEGO Nsh electrode were carried out by X-ray photoelectron
spectroscopy (XPS) and Attenuated Total Reflectance (ATR-IR) analyses to further prove the self-polymerization
process.

Figure 6 shows the chemical characteristics recorded for the SPB/AEGO Nsh electrode by the XPS analysis.
The appearance of the peaks related to elements N 1s, O s, and C 1s strongly confirms the self-polymerization
process (formation of benzidine polymer chains) of benzidine onto AEGO Nsh electrode.

Figure 6a depicts the survey spectra of the SPB/AEGO Nsh electrode. Figure 6b and ¢, and d show the core-
level spectra of N 1s, O 1s, and C s, respectively. In Fig. 6b, two Gaussian peaks with binding energy of 398.3
and 399.6 eV are related to imine-like structure (-N=) and unmodified amine-like nitrogen atoms (-NH) of PB
chain’®-%2, The peaks related to C=0, C-OH, and C-O groups in the PB structure on the AEGO Nsh graphite
electrode with binding energies of 530, 531.2, and 529 eV are shown in Fig. 6¢*>%, Also, these peaks can probably
be attributed to the C=0, C-OH and C-O groups that were created as a result of the anodizing process on the
graphite sheet®®. Figure 6d depicts the Cls XPS core level spectra of the SPB/AEGO Nsh electrode. The major
peak line can be decomposed into four peak lines: 282.2 eV (C=C), 283.1 eV (C-C sp?), 284 eV (C-N) and
285 eV (C=0/C-0).. The C-O/C=0 functional groups present in the electrode is assigned to the formation
of BQ (p-enzoquinone) in PB chains onto AEGO Nsh electrode?®4’. Finally, according to Fig. 6e, two Gaussian
peaks with binding energy of 166.5 and 167.75 eV are related to S-O and $=O of SO, which is produced in
the anodizing process of the graphite sheet inside the K,SO, solution due to the conversion of sulfate ions to
SO,'84849 that can be trapped between the Go nanosheets layers.

Functional groups that appeared for PB structure in the XPS profile were also confirmed by ATR-IR
spectroscopy. Figure 7 shows the ATR-IR spectrum of bare graphite, AEGO Nsh, and SPB/AEGONsh graphite
electrodes. As seen in the ATR-IR spectrum of AEGO Nsh electrode, the peak related to the O-H group, which
is caused by the anodization process of the middle and edges of the GO Nsh electrode and graphite, appeared at
the wavelength of 1700 cm™1.° Also, the peaks appearing at the 1070 and 1428 cm™! are related to the C-O and
C=0 functional groups, respectively, due to the oxidized a few hydroxyl groups on graphene oxides to epoxy
and carbonyl groups®®. The appearance of these peaks in the ATR-IR spectrum and XPS profile, certainly
confirms the possible mechanisms proposed for the proposed self-polymerization process. The peaks that have
appeared in the ATR-IR spectrum of the SPB/AEGO Nsh electrode, confirm the formation of PB chains on the
EGO Nsh electrode. According to the ATR-IR spectrum of the SPB/AEGO Nsh electrode, the peak appearing
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Fig. 4. The mechanism of the self-polymerization reaction of benzidine onto AEGO Nsh electrode by trapped
electrons inside the GO and graphite layers.
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Fig. 5. The mechanism of the self-polymerization reaction of benzidine onto AEGO Nsh electrode by *OH
ions inside the GO and graphite layers.

at of 3436 cm™! corresponds to the stretching vibration bands of N-H*!2. The absorption peak of 2925 cm™!

is related to the stretching vibrations of the C-H group™®. As it is clear in this spectrum, the peak related to the
hydroxyl group created by the anodizing process at 1700 cm™! has been removed due to participation in the self-
polymerization reaction, and absorption bands have appeared at 1610, 1502, and 1305 cm™ !, which are related
to the bending vibrations of the NH,, C=C and C-N stretching vibrations of the quinoid ring in the structure
of the PB chain, respectively?>*"2. The peak at 803 cm™! was characteristic of the out-of-plane N-H bending
vibration?®. Finally, checking the chemical characteristics of the SPB/AEGO Nsh electrode by ATR-IR and XPS
analyses like the morphological characterization proved the spontaneous formation of PB chains.

Electrochemical characteristics of the SPB onto AEGO Nsh electrode

After proving the self-polymerization process by physical and chemical characteristics, electrochemical
techniques were used for further investigation. In this study, cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) techniques were used to investigate the electrochemical behavior of different
electrodes. Electrochemical investigations were carried out in a three-electrode system in 1 M H,SO, solution.
In this configuration, Ag/AgCl electrode and platinum sheet were used as reference and auxiliary electrodes,
respectively, and various synthesized electrodes with a surface area of 1 cm? were used as working electrodes. CV
technique is one of the most ordinary electrochemical methods that can provide information about the kinetics
of electrode reactions, homogeneous and heterogeneous electron transfers, as well as coupled reactions®. One of
the most important applications of the CV technique is the study of control steps and electrochemical reaction
mechanisms. In this study, the CV technique was used to study the redox reaction mechanism of PB. Figure 8a
shows the CV curves of bare graphite electrode and AEGO Nsh electrodes that are anodized in different
solutions of K,SO,, H,SO,, and NaHCO, at 30 mv s™! in 1 M H,SO, at 25 °C. As it is clear in this curve, the
highest Faradaic current (capacitance) obtained for the anodized electrode in K,SO, solution, which is probably
due to the high ability of this electrolyte in the same conditions and in the presence of high voltages (10 V). As it
has already been proven, the anodizing process of graphite sheet in SO,*" solutions shows higher efficiency and
better performance in the production of GO'#56, The high ability of K,SO, electrolyte in the anodizing process
and creating GO nanosheets is probably due to the penetration of potassium ions between graphite layers and
the expansion of the distance between the layers in order to easily exfoliate graphite into GO sheets. On the
other hand, the use of K,SO, solution provides a controlled ionic environment that can help maintain consistent
conditions during the anodizing process. This control can lead to more uniform exfoliation and higher yields®.
Overall, the combination of these factors make potassium sulfate as an effective electrolyte in the anodizing
process to produce high yield graphene oxide from graphite sheets. These results were confirmed by the CV
technique.
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Fig. 6. XPS wide scan spectra of the SPB/AEGO Nsh electrode: (a) survey spectrum, (b) N1s spectrum, (c)
Ols spectrum, (d) Cls spectrum, and (f) S2p spectrum of SPB/AEGO Nsh electrode.

Figure 8b shows the CV curves of SPB/AEGO Nsh electrodes (resulting from the self-polymerization of
benzidine in CH,COOH in the presence of prepared AEGO Nsh electrodes in different solutions) in 1 M H,SO,
after 10 cycles scanned at 30 mV s™1. As can be seen, the highest value of current and capacity was obtained for
the AEGO Nsh electrode prepared in K,SO, solution.

In order to compare the electrochemical performance of the synthesized electrodes, their specific capacity
(Csp) and electrochemical active surface areas (ECSAs) were calculated according to Eqs. 7 and 8:5-%.

V2
1 .
Cy= m/l (V)dv (7)
V1
ECSAs = Cdl/Csp )

In Eq. 7, S (cm?) is the surface area of the substance, v is the scan rate (V s™1), AV is the potential window
of CV, and i (A) represents the response current. The calculations of Csp for anodized electrodes in different
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Fig. 7. ATR-IR spectra of the different electrode.

electrolyte solutions showed that the anodized electrode in the K,SO, solution and then the Self-polymerization
of benzidine on it has a higher specific capacity (335.40 mF/cm?) than the anodized electrodes in NaHCO,
(123.15 mF/cm?) and H,S0, (241.40 mF/ cm?) solutions. It’s possible that the cause of this process can be related
to the better performance of K,SO, electrolyte solution in the anodizing process. In Eq. 8, C; is the double layer
capacitance that was determined from a CV using the equation: C, = Aj (ja-jc)/2 v, where ja and jc are anodic
and cathodic current densities at AE=0.5V, v is the scan rate (mV/s) and Csp is the specific capacitance. The
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Fig. 8. CV plot of bare graphite electrode and AEGO Nsh electrodes that are anodized in different solutions
(a), self-polymerization of PB in CH,COOH on AEGO Nsh electrodes that are anodized in different solutions
(b), and CV plot for the PB that is electropolymerized onto a graphite sheet in 1 M H,SO, (c).

calculations of ECSAs for all three electrodes anodized in NaHCO, (1.63 cm?), H,S0, (1.60 cm?), and K,S0,
(1.43 cm?) solutions show that their ECSAs are not meaningfully different from each other.

In general, in this work, the purpose of this test was to observe the redox peaks of the benzidine polymer,
which, as it is clear in the relevant curves, the redox peaks of the PB have fully appeared. For further proof,
according to previous studies®’, PB was electrochemically polymerized on a bare graphite sheet and then its
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Fig. 9. The redox reaction mechanism of PB in 1.0 M H,SO, solution.

behavior was investigated by CV (Fig. 8c). As shown in Fig. 8¢, the peaks that appeared for PB correspond to
the redox peaks that appeared for SPB, which once again confirmed the successful self-polymerization process.

According to curve 8b, it is clear that four redox peaks have appeared for PB, which can be related to the
electron transfer process in the polymer structure. The redox reaction mechanisms of PB peaks are reported
in Fig. 9. All the peaks observed for the SPB/AEGO Nsh electrode, where the benzidine monomer is self-
polymerized on the AEGO Nsh electrode, are exactly according to the previous studies, in which various types
of oxidizing agents and radical initiators were used for the polymerization process**¢,

The EIS technique was studied to more evaluate the electrochemical processes occurring on different synthesis
electrodes. This technique shows the effect of different frequencies on materials as well as the conductivity of the
system!>. Important information of this technique can be obtained from the Nyquist diagram. This graph consists
of a small semi-circle section at high frequencies and a flat sloping line (Warburg line) at low frequencies®?. Two
important parameters obtained from the Nyquist plot include: (1) solution resistance (Rs, intersection point of
Nyquist diagram with X-axis at high frequencies) and (2) charge transfer resistance (Rct, small diameter half
ring)!>*2. The EIS test of the electrodes was performed in IM H,SO, solution and the configuration of three
electrodes in the frequency range of 100 Hz to 100 kHz in OCP potential. Figure 10a shows the Nyquist plot of
bare graphite, AEGO Nsh, and SPB/AEGO Nsh electrodes. As it is clear in these plots, the R and R , for SPB/
AEGO Nsh electrode are lower than that of bare graphite and AEGO Nsh electrodes, which indicates an increase
in conductivity and the easy hydronium ions diffusion process on the SPB/AEGO Nsh electrode compared to
the bare graphite and AEGO Nsh electrode!>*2 Also, the steep slope of the Warburg line for the SPB/AEGO Nsh
electrode compared to the bare graphite and AEGO Nsh electrodes shows the ideal capacitive behavior of this
electrode after self-polymerization of benzidine. The results obtained from the EIS test showed that the increase
in conductivity and the decrease in R and R , (R ) as well as the formation of the ideal capacitor behavior of the
SPB/AEGO Nsh electrode are due to the formation of benzidine polymer chains on the AEGO Nsh electrode.
Also, the fitted Nyquist plot with the equivalent circuit related to SPB/AEGO Nsh electrode in OCP potential
is depicted in Fig. 10b. Finally, the electrochemical tests of CV and EIS also confirmed the claim of the self-
polymerization process.

Conclusions

We demonstrated that the self-polymerization of benzidine as a green, fast, cheap, simple, and energy-free
method can take place on anodized graphite sheet. The characteristic results of surface morphology (FE-
SEM) and chemical characteristics (XPS and ATR-IR analysis) of the SPB/AEGO Nsh electrode confirmed the
spontaneous formation of PB on the AEGO Nsh electrode. Also, an investigation of the electrochemical behavior
of the SPB/AEGO Nsh electrode showed that the self-polymerization of benzidine has been done successfully
on the AEGO Nish electrode. The present study showed that the self-polymerization of benzidine on the AEGO
Nsh electrode is due to the presence of hydroxyl radicals and trapped electrons between GO nanosheets and
graphite layers during the anodizing process. Finally, we believe that the use of this method and substrate is a
starting point as a simple, cheap, and strong way for polymerization and identification of other aromatic diamine
compounds and application in various industries.
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Fig. 10. Nyquist plot of different electrode and fitted Nyquist plot of SPB/AEGO Nsh electrode with the
equivalent circuit related (b) in OCP potential and 1.0 M H,SO, electrolyte solution.
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