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Chemical oxidation method was explored to prepare the poly(pyrrole-co-aniline) (PPyA) copolymer.
Cetyltrimethyl ammonium chloride (CTAC) was used as the template in the oxidation reaction. Then
the S/PPyA composite (nano-sulfur/poly(pyrrole-co-aniline)) was obtained by treating the mixture of
sublimed sulfur and PPyA at 160 °C for 24 h. The as-prepared PPyA and S/PPyA were characterized
by various techniques including X-ray powder diffraction (XRD), scanning electron microscopy
(SEM), Raman spectroscopy and Fourier transform infrared spectroscopy (FTIR). The S/PPyA was
used to modify the glassy carbon electrode (GCE) and the electrochemical activity of as-synthesized
S/PPYA/GCE for the oxidation of hydrazine was investigated. The low detection limit of 0.18 uM
(S/N=3) and fast response time within 3 s were achieved. The remarkable performance makes
S/PPYA/GCE a promising electrode applied in the construction of sensors for the determination of
hydrazine.
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1. INTRODUCTION

Hydrazine, regarded as major industrial commaodities, can be widely used as rocket propellants,
plant-growth regulators, explosives, antioxidants and corrosion inhibitor [1, 2]. Hydrazine is highly
toxic and dangerous that will cause damages to brain, liver, nerve and so on [3]. Owing to the
importance of hydrazine in industrial application and pharmacology, developing a rapid, sensitive and
selective determination method for hydrazine is highly demanded and has received much attention
from scientists [4-7].
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Up to now, a large number of methods such as spectrophotometry and chemiluminescence have
been reported for the detection of hydrazine. Among all reported methods, voltammetric method has a
great deal of advantages such as high sensitivity and selectivity, simple operation and rapid response
[8-15]. Unfortunately, large over potential was required for the oxidation reaction of hydrazine at
conventional electrodes. Thus, the electrodes were modified with various organic or inorganic
materials in order to decrease the over potential and improve the electron transfer rate [16-20]. Among
the reported materials, electroactive polymer has shown the best advantageous characteristic and the
modified electrode demonstrated outstanding sensitivity and selectivity for hydrazine determination. In
Kocak’s group, a gold nanoparticle modified bromocresol purple/carbon nanotube electrode was
successfully prepared through the following two steps: firstly the bromocresol purple monomer was
polymerized at the exterior of carbon nanotube modified GCE, and then Au nanoparticles were doped
in the electrode by electrochemical reduction from their acidic solutions. Afterwards, the
electrochemical behaviour of the prepared electrode for hydrazine oxidation was investigated [21]. As
revealed by Aitout et al., the poly-ortho-methoxy-aniline was suitable for the modification of a non-
conducting substrate Plexiglas which was firstly modified with Au by cementation [22]. The resulted
material had demonstrated excellent activity for the oxidation reaction of hydrazine in acid aqueous
solution. Owing to the rapid mass transport resulted from the large porosity, the Pd nanoparticles
modified poly(o-phenylenediamine) colloids prepared by Liao et al. have shown excellent activity
toward the hydrazine oxidation reaction [23]. A thin film of poly(4,5dihydroxy1,3benzenedisulfonic
acid) was prepared on the surface of multiwall carbon nanotubes modified GCE by electrochemical
method in Ensafi’s group [24]. Then varieties of electrochemical methods including linear sweep
voltammetry, chronoamperometry and cyclic voltammetry were explored to review the electro-
catalytic activity of the modified electrode for the hydrazine oxidation reaction.

In our study, a copolymer PPyA was synthesized by the copolymerization reaction between
pyrrole (Py) and aniline (An) that is more available and cost less than Py. The prepared copolymer
PPyA successfully embodies the merits of the two components. A novel electrochemical sensor was
constructed with the PPyA modified glassy carbon electrode. And the high performance of the sensor
for the oxidation of hydrazine was ensured owing to the existence of effective electrochemical reaction
sites.

2. EXPERIMENTS

2.1 Preparation of PPyA nanofiber networks

A typical polymerization reaction was used to prepare the PPyA nanofibers. Certain surfactant
CTAC as the template was dissolved in 200 mL of 0.1 M HCI, then Py and An monomers with the
molar ration of 1:1 were added in order and the mixture was stirred for 15 min to obtain a
homogeneous solution. Subsequently, 0.6 M ammonium persulfate (APS) in 200 mL of 0.1 M HCI
was added into the solution to turn on the polymerization. The molar ratio of Py/ An to APS was 1:1.
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The polymerization was conducted at —5 °C for 24 h. Then the product was separated by filtration and
washed with plenty of deionized ethanol and water, and then kept at 60 °C under vacuum for 24 h.

2.2 Preparation of S/PPyA composite

The S/PPyA composites with different weight ratio of PPyA and sulfur (1:2, 1:3, 1:5) were
prepared. The sulfur and PPyA were mixed and heated to 160 °C under Ar protection for 24 h to obtain
the composite. The temperature was obliged to be higher than the melting point of elemental sulfur to
guarantee the effective infiltration of melting sulfur into the pores of PPyA.

2.3 Characterization

The structure of the prepared sample was characterized by X-ray diffraction (XRD, D8-
Advanced, Bruker, Germany). Cu Ka radiation was used and the range of scanning angle was from 5°
to 80°. The morphology feature of the sample was measured by SEM (JSM-6510LV, Rigaku, Japan).
Fourier transform infrared spectroscopy (FTIR, Nicolet iS5, Thermo Scientific, USA) and Raman
spectroscopy (Renishaw, inVia) were explored to investigate the surface functional groups of the
samples.

2.4 Electrochemical measurement

A glassy carbon electrode (GCE) was polished by 0.3 and 0.05 um alumina slurry in order, and
entirely washed with water and ethanol. Then, 5 uL of S/PPyA dispersion (0.5 mg/mL) was added onto
the surface of GCE and dried in air room temperature.

The electrochemical tests were conducted on the CHI430a electrochemical workstation (USA)
with a conventional three electrode system including a working electrode (modified GCE), auxiliary
electrode (platinum wire) and a reference electrode (Ag/AgCl). All experiments were studied at room
temperature. Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) was used
for characterizing the electrode resistance performance. 5 mM [Fe(CN)s]* "~ was used as probe, 0.1 M
KCI was used as supporting electrolyte. Frequency range was set as 10" to 10° Hz and the amplitude
was set as 10 mV.

3. RESULTS AND DISCUSSION

The morphology feature of PPyA and S/PPyA was measured by SEM and the results were
presented in Fig. 1. The morphology property of nanofiber network of PPyA was obtained using
CTAC as the template. When the concentration of CTAC was kept at a certain value, cylindrical
micelles of CTAC could be formed. The preparation of 1D structures was dependent on the yield of
(CTA),S,0s [25]. Then the micellar 3D networks were formed by the aggregation of CTAC micelles
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with monomers. PPyA with interconnected nanofiber network was synthesized using the soft template
that could direct the synthetic track. The as-synthesized nanofibers were highly uniform and the size
distribution was in a narrow diameter of about 80 nm. The pores between the nanofibers could be
clearly observed. In the preparation process of S/PPyA, some parameters were chosen as follows:
heating temperature as 160 °C that is slightly higher than the melting point of elemental sulfur in order
to obtain low viscosity, and treating time as 24 h for the sake of distributing sulfur into the pores of
network structure and contacting with PPyA nanofibers fully. The morphology feature of nanofiber
network of the obtained S/PPyA changed distinctly compared with that of PPyA. As can be seen from
the SEM image of S/PPyA composite, the nanofibers was closer to each other and the diameter
changed from 80 nm to 110 nm. The pore channels between nanofibers became smaller owing to the
addition of elemental sulfur.

Figure 1. SEM images of (A) PPyA and (B) S/PPyA.

The XRD patterns of PPyA and S/PPyA are shown in Fig. 2A. As shown in the XRD pattern of
PPyA, a broad peak at 26 = 22.6° was observed which suggesting the amorphous structure of PPyA.
For the S/PPyA composite, both a board peak around 20° related to PPyA and many other peaks
resulted from the elemental sulphur with Fddd orthorhombic structure [26] were observed. The result
demonstrated that only a fraction of nano-sulfur was achieved and dispersed uniformly in the network
structure of PPyA ploymer. Nevertheless, during the cooling process, a crystal structure was formed by
the large amount of rest sulphur because of the limited space.

Raman spectra of PPyA and S/PPyA composite were measured using 514.5 nm diode laser
excitation and the results were shown in Fig. 2B. The peaks under 500 cm* belong to the sulphur
element [27] and another two peaks at 1597 and 1355 cm™* are related to C-C and C-N groups
respectively. Therefore, the composite S/PPyA composed of both sulphur and PPyA was successfully
prepared in our work.

The functional groups in the PAn, PPy, PPyA and S/PPyA composite was characterized by
FTIR (Fig. 3). As to PAn, the characteristic peaks at 1142, 1242, 1300, 1491 and 1567 cm *are
ascribed to C=N, C-N*, C-N, C=C stretching deformation of benzenoid rings and quinoid,
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respectively. For PPy, the peaks at 1045, 1126, 1485 and 1549 cm* represented C—H in plane bending,
C—N stretching, C=N stretching and C=C stretching, respectively [28, 29].
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Figure 2. (A) XRD patterns of PPyA and S/PPyA composite. (B) Raman spectra of PPyA and S/PPyA
composite.

As can be seen from the FTIR spectrum of PPyA, the peaks at 1146, 1309, 1490, 1570 cm*
that are resulted from the vibration of both pyrrole rings and PAn could be observed, indicating the
successful preparation of the copolymer PPyA. The peak at 1299 cm™* was the characteristic peak of
aromatic NH groups [30, 31].
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Figure 3. FTIR spectrum of PAn, PPy, PPyA and S/PPyA composite.

The surface status of the modified electrode can be evaluated conveniently and effectively by
cyclic voltammograms (CVs) of ferricyanide owing to the importance of the barrier or defects in the
electron transfer process between the electrode and the reaction substance [32]. Therefore, the changes
of the electrode behaviour after modification were investigated using cyclic voltammograms (CVs) of
ferricyanide as a probe. On the other hand, the electron transfer kinetics of [Fe(CN)¢]>”* could be
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deduced. The cyclic voltammograms of bare GCE, PPyA/GCE and S/PPyA/GCE recorded in a 5 mM
[Fe(CN)s]* ™ solution containing 0.1 M KCI at a scan rate of 100 mV/s were shown in Fig. 4A. The
well-defined reduction and oxidation peaks resulted from the Fe®*/Fe** redox couple could be
obviously observed on the tested three electrodes. Due to the poor electroconductivity of PPyA layer
formed on the surface of GCE, the peak current obtained on PPyA/GCE was lower than that obtained
on the bare GCE. However, the S/PPyA/GCE exhibited the highest peak current due to the addition of
sulphur that owns the highest electrocatalytic activity. Furthermore, compared with that obtained on
GCE and PPyA/GCE, the interval of peak-to-peak potential obtained on S/PPyA/GCE was smaller.
EIS technique was also explored to evaluate the performance of three electrodes and the experiments
were carried out as follows: 5 mM [Fe(CN)s]* as the probe, frequency ranging from 10 kHz to
0.1Hz and AC amplitude of 10 mV. The Nyquist plots obtained were shown in Fig. 4B. The
semicircular portion occurred at higher frequency is related to the electron transfer-limited process,
and the diameter of semicircle corresponds to the electron transfer resistance (Re). The electron
transfer resistance of S/PPyA/GCE was lower than that of bare GCE and PPyA/GCE, indicating the
electron transfer is faster on S/IPPyA/GCE.
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Figure 4. (A) CVs of bare GCE, PPyA/GCE and S/PPYA/GCE in 5mM [Fe(CN)g]*”* solution
containing 0.1 M KCI at a scan rate of 100 mV/s. (B) Nyquist plots of 5 mM [Fe(CN)]* " in
0.1 M KCI from 10 kHz to 0.1 Hz at an ac amplitude of 10 mV under open-circuit potential
conditions obtained for bare GCE, PPyA/GCE and S/PPyA/GCE.

The electrocatalytic behavior of S/PPyA/GCE towards hydrazine oxidation (0.2 mM) was
investigated using CV technique and the results were compared with that of bare GCE. As shown
in Fig. 5, no anodic peak was observed on bare GCE, indicating the nonoccurrence of hydrazine
oxidation. Nevertheless, in the CVs obtained on S/PPyA/GCE, an outstanding oxidation current with
the distinct peak at 0.12 V was appeared. The peak current was approximately 29.7 times higher than
that obtained on the bare GCE, which could be resulted from the reversibility of the electron transfer
process and the accumulation of the electrochemical active species on the high surface area of
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electrode. The determination method for hydrazine using electrocatalytic oxidation at low potential
(0.12 V) is highly promising for industrial applications owing to the avoid of interference.
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Figure 5. CVs of 0.2 mM hydrazine in 0.1 M PBS on the bare GCE and S/PPyA/GCE. Scan rate: 50

mV/s.

The electrochemical behaviour of hydrazine depends on the pH value of PBS. As shown in Fig.
6A, when the pH increased from 4.0 to 7.0, the peak current increased. However, when pH increased
from 7.0 to 9.0, the peak current remained nearly constant. The peak current was small at low pH,
which was resulted from the formed inactive protonated hydrazine under low pH since the pKa of
hydrazine is 7.9. After comprehensive consideration, PBS solution with pH of 7.4 was selected.
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Figure 6. Effect of (A) pH value and (B) scan rate of hydrazine detection using S/PPyA/GCE.
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The influence of scan rate on the oxidation of hydrazine on S/PPyA/GCE was also investigated
by CV (Fig. 6B). The anodic peak current was related linearly with the square root of scan rate (v*?)
when it ranging from 10-400 mV/s. Moreover, as shown in Fig. 7, when the immersed time increased,
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the peak current did not increase, demonstrating the electron transfer process was diffusion-controlled
in the oxidation of hydrazine on S/PPyA/GCE.
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Figure 7. Effect of immersion time of hydrazine detection using S/PPyA/GCE.
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Figure 8. (A) Typical steady-state response of the S/IPPyA/GCE to successive injection of hydrazine
into the stirred 0.1 M PBS at pH 7.0. (B) The calibration curve (applied potential: 0.12 V).

According to the cyclic voltammetric results described above, the detection limit for hydrazine
determination on S/PPyA/GCE was measured by amperometric current-time response. The hydrazine
amperogram recorded during the addition of hydrazine with the potential kept at +0.12 V was shown in
Fig.8A. The amperometric response observed was well-defined, indicating the catalytic performance
of the S/IPPyA/GCE for the oxidation of hydrazine stably and efficiently. The response current was in
linear correlation with the concentration of hydrazine ranging from 1 uM to 1 mM, and the correlation
equation could be described as: Ip (uA) = 1.332C + 3.552 (R = 0.998). The detection limit calculated
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with S/N=3 was 0.18 pM. The performance of S/PPyA/GCE for the determination of hydrazine was
compared with previously reported modified electrodes. As presented in Fig. 8B, the designed
S/PPyA/GCE in our work demonstrated wide linear range and lower detection limit.

We tested the reliability of proposed hydrazine electrochemical sensor. The S/IPPyA/GCE was
used for determination of hydrazine in real agriculture waste water sample by amperometric
measurement. The standard addition method was adopted for examining the recovery of hydrazine in
water samples. The results of real sample determination was summarized in Table 1.

Table 1. Determination of hydrazine in agriculture wastewater samples using S/PPyA/GCE.

Sample Added (nM) Found (nM)  Recovery (%) RSD (%)
Sample 1 0 0 — 0.02
Sample 2 20 16.78 95.7 1.57
Sample 3 50 50.21 101.3 0.14
Sample 4 100 100.56 102.0 1.09

4. CONCLUSIONS

A novel S/PPyA composite was synthesized by treating a mixture of sulfur and PPyA at 160 -C
for 24 h. The as-synthesized S/PPyA composite was in a network structure that is in favour of
electrochemical detection. The electrochemical activity of S/PPyA modified GCE toward the
oxidation of hydrazine was investigated. The outstanding performance of S/PPyA/GCE (e.g., lower
detection limit of 0.18 uM, wider linear range and rapid response) demonstrates the promising
potential of S/PPyA /GCE applied in the construction of effiective sensors for the determination of
hydrazine.
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