Sensors and Materials, Vol. 35, No. 12 (2023) 4177-4202 4177
MYU Tokyo

S & M 3475

Highly Sensitive Amperometric Hydrazine Sensor
Developed from Gold Nanoparticles Electrodeposited
on Glassy Carbon Electrode Modified with Graphene Oxide
and Poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) Composite

Hemas Arif Rahman,! Budi Riza Putra,> Mohamad Rafi,!-3 Rudi Heryanto,!-
Chika Takai-Yamashita,*> Yutaka Ohya,* and Wulan Tri Wahyuni!-3*

'Department of Chemistry, Faculty of Mathematics and Natural Sciences, IPB University,
Bogor, West Java 16680, Indonesia
ZResearch Center for Metallurgy, National Research and Innovation Agency,
South Tangerang 15315, Banten, Indonesia
3Tropical Biopharma Research Center, Institute of Research and Community Empowerment,
IPB University, Indonesia
“Department of Chemistry and Biomolecular Science, Gifu University,
1-1 Yanagido, Gifu City 501-1193, Japan
SInstitute of Multidisciplinary Research for Advanced Materials, Tohoku University,
Katahira 2-1-1, Aoba-ku, Sendai 980-8577, Japan

(Received September 5, 2023; accepted November 8, 2023)
Keywords: gold nanoparticles, electrodeposition, hydrazine, sensor, voltammetry

Here, we demonstrate the development of a hydrazine sensor using gold nanoparticles
(AuNPs) electrodeposited on the surface of a glassy carbon electrode (GCE) modified with the
material composite of graphene oxide (GO) and poly(3,4-ethylenedioxythiophene):poly(styrenes
ulfonate) (PEDOT:PSS). The morphological, electrochemical, and structural properties of this
developed hydrazine sensor were characterized by Raman spectroscopy, Fourier-transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), electrochemical impedance
spectroscopy (EIS), scanning electron microscopy (SEM), and atomic force microscopy (AFM).
Cyclic voltammetry and amperometry techniques have been used to investigate the
electrochemical behavior and electroanalytical performance of this proposed sensor, and
obtained an excellent result in terms of its analytical parameters. A linear range of 0.2—100 pM
was obtained from the amperometric detection of hydrazine using this developed sensor. The
detection and quantitation limits of this proposed hydrazine sensor were calculated as 0.005 and
0.08 uM, respectively. Furthermore, this proposed sensor for hydrazine detection exhibited good
reproducibility and stability with a relative standard deviation (%RSD) of less than 5%. In
addition, this developed sensor for hydrazine detection also exhibited good selectivity in the
presence of several interferences, including NaNO,, FeSO,4, Zn(CH;CO,),, NH4NO;,
chlorophenol, triclosan, and ascorbic acid, as well as it depicted %recovery values of 93—-104%.
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In conclusion, this platform sensing based on a AuNPs/GO/PEDOT:PSS-modified GCE for
hydrazine detection shows excellent electroanalytical performance and could potentially be
employed for real applications.

1. Introduction

In recent years, the approach of metal electrodeposition on the electrode surface to fabricate a
highly sensitive electrochemical sensor has been extensively investigated with the purpose of
detecting electroactive molecules or species.!™® To develop highly sensitive electrochemical
sensors, gold nanoparticles (AuNPs) are one of the widely used electrode modifiers owing to
their attractive characteristics such as good biocompatibility, increased electrocatalytic activity,
and chemical stability, as well as they provide an enhanced specific surface area.0~7) In addition,
AuNPs can be readily functionalized with various nanomaterials to be developed as gold-based
nanocomposites for electrochemical sensors such as AuNPs—carbon nanomaterials,® AuNPs—
metal oxide,® AuNPs-metal dichalcogenide,!” AuNPs—metal organic framework,(') AuNPs—
imprinted polymer,(!%13 and AuNPs—polymer-metal oxide.*!5) As a result, researchers were
able to make research progress with an innovative approach for the detection of electroactive
species by employing these nanocomposites as sensor materials with improved sensitivity,
selectivity, and stability.

Among several techniques to modify the electrode surface, electrodeposition is a fast and
efficient process to synthesize AuNPs to improve their specific properties such as electrical
conductivity,(!0) electrocatalytic activity,(!” and chemical and mechanical stabilities.!®) The
amount and size of metal nanoparticles deposited on the electrode surface can be easily
controlled by changing the number of cycles during electrodeposition. Another important benefit
of utilizing this process is that homogeneity can be significantly improved by the specific
potential electrodeposition of metal nanoparticles to avoid the presence of impurities on the
electrode surface.(1”) Controlling the electrodeposition parameters such as the number of cycles,
working voltage, and deposition time could also produce various types of metal nanoparticle
with different morphologies or structures.??)

Previously, we reported on the synergy between composite materials consisting of reduced
graphene oxide with poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) as
electrode modifiers to enhance the sensitivity of the modified electrodes.*) A combination
between graphene oxide and conductive polymer may be utilized as an electrode modifier that
exhibits improved electrocatalytic activity and conductivity to be employed as an electrochemical
sensor.?>2%) In addition, hydrazine has attracted increasing attention for the development of an
electrochemical sensor based on the modified electrodes owing to its properties as one of the
electroactive substances.?®2”) Hydrazine is an important precursor that has been frequently
utilized in pharmaceutical intermediates, agriculture, food storage, and fuel cells.*® However,
the excessive usage of hydrazine in the environment may pollute water sources owing to its
toxicity and carcinogenic effect to human health.?® In addition, our previously proposed
hydrazine sensor has shown several good analytical performance characteristics, including
sensitivity, stability, and selectivity for potential interferences, with its results compared with
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those of the standard spectrophotometric technique.??) Nevertheless, it is still important to
develop a more sensitive electrochemical sensor for hydrazine detection by electrodepositing
gold nanoparticles (AuNPs) on the surface of the graphene oxide and PEDOT:PSS composite.
The presence of gold nanoparticles on the surface of a modified electrode can enhance the
sensitivity towards hydrazine detection.®") To the best of our knowledge, the electrodeposition of
gold on the surface of a glassy carbon electrode (GCE) modified with the graphene oxide (GO)
and PEDOT:PSS composite for hydrazine detection has not been reported.

2. Experimental Methods
2.1 Reagents and apparatus

Poly(3,4-dioxythiophene)-poly(styrene-4-sulphonate) (PEDOT:PSS) (CAS: 155090-83-8),
graphite (CAS: 155090-83-8), H,SO,, KMnO,, H,0, 30%, Na,HPO,, NaH,PO,, KCI, hydrazine
dihydrochloride (CAS: 5341-61-7), NaNO,, FeSO,, Zn(CH;CO,),, NH4;NO;, chlorophenol,
triclosan, and ascorbic acid were purchased from Sigma-Aldrich Ltd. and used without further
purification.

Electrochemical experiments were conducted using PalmSens Emstat 3 (ES316U669)
equipped with PSTrace 5.9 for cyclic voltammetry and differential pulse voltammetry
investigations. Electrochemical impedance spectroscopy (EIS) analysis was performed using a
PalmSens 4.0 Potensiostat (PalmSens, Houten, The Netherlands). The Raman spectra of graphite
and graphene oxide materials were obtained from a Horiba LabRAM HR Evolution Micro
Confocal Hyperspectral 3D Imaging Raman Spectrometer. The infrared spectra of graphene
oxide and conductive polymer were obtained from an FT/IR-4600 JASCO spectrometer. X-ray
diffraction (XRD) characterizations of graphene oxide and conductive polymer were performed
using a Rigaku Ultima IV X-ray diffractometer (monochromatic CuKo. irradiation, A = 1.54 A)
with the voltage and current kept at —40 kV and 30 mA, respectively. SEM—energy-dispersive
X-ray spectroscopy (SEM-EDS) images were taken using an FEI Quanta 650 FEG SEM system.
In this work, all electrochemical experiments were performed in a three-electrode system
consisting of a 3-mm-diameter glassy carbon electrode (GCE) (IJ Cambria Scientific) as the
working electrode, silver/silver chloride (3 M) as the reference electrode, and a platinum wire as
the auxiliary electrode. The voltammetric data obtained from electrochemical experiments were
processed and displayed using Origin Pro 7.0 (OriginLab, Northampton, USA).

2.2 Modification of GCE with GO/PEDOT:PSS composite and gold (Au) electrodeposition

Graphene oxide (GO) was synthesized using the modified Hummer’s method with some
modifications to obtain the GO powder. The obtained GO powder was further characterized by
Raman spectroscopy. Then, the GO powder was mixed with PEDOT:PSS (2 mg mL! in
deionized water) at a weight ratio of 1:1. The GO/PEDOT:PSS composite solution was sonicated
for 1 h and stirred for 1 h subsequently. Then, about 5 pL of this composite solution was drop-
casted onto the surface of GCE (Fig. 1) and dried in an oven at 80 °C for 5 min. Next, gold
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Fig. 1. (Color online) Schematic of the fabrication of gold nanoparticles (AuNPs) electrodeposited on GO/
PEDOT:PSS-modified GCE.

nanoparticles (AuNPs) were electrodeposited on the GO/PEDOT:PSS composite by scanning
0.001 M HAuCl,3H,0 in 0.5 M H,SO, in the potential range from 1.0 to —0.3 V (vs Ag/AgCl).
Scanning was performed at a rate of 100 mV s™! for 15 cycles to obtain electrodes (AuNPs/GO/
PEDOT:PSS-modified GCE). The modified electrodes were then washed with deionized water
and dried at room temperature (25 + 2 °C). GO/PEDOT:PSS was characterized by FTIR and
XRD, whereas AuNPs/GO/PEDOT:PSS was further characterized by SEM-EDS. Figure 1
shows a schematic of the preparation of AuNPs electrodeposited on the GO/PEDOT:PSS-
modified GCE.

2.3 Evaluation of electrochemical behavior of AuNPs/GO/PEDOT:PSS/GCE

The electroanalytical performance of the modified electrode (AuNPs/GO/PEDOT:PSS-
modified GCE) was evaluated by cyclic voltammetry (CV). The assessment of the
electrochemical behavior of the modified electrode was performed using 1.0 mM K;[Fe(CN)g]
in 0.1 M phosphate buffer (pH 7) by CV. CV analysis was performed in the potential range from
—0.4 to +0.9 V (vs Ag/AgCl) at a scan rate of 100 mV s ! in triplicates. The GO/PEDOT:PSS-
modified and AuNPs/GO/PEDOT:PSS-modified GCEs as the modified electrodes were
compared with a bare GCE in terms of electrochemical performance. In addition, the
conductivities of these three electrodes were compared by EIS to obtain the charge transfer
resistance from each electrode. Next, these electrodes were employed for the measurement of 1.5
mM hydrazine hydrochloride in 0.1 M phosphate buffer (pH 7). The measurements were
conducted by CV in the potential range from —0.30 to +0.85 V (vs Ag/AgCl) at a scan rate of 100
mV s ! in triplicates.
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2.4 Evaluation of electroanalytical performance of AuNPs/GO/PEDOT:PSS-modified
GCE for hydrazine measurements

The modified electrode (AuNPs/GO/PEDOT:PSS-modified GCE) was evaluated by
measuring the stock solution of hydrazine hydrochloride in the concentration range of 0.2—100
uM. The stock solution of hydrazine was prepared in 0.1 M phosphate buffer (pH 7) and
measured by the chronoamperometric technique at a fixed potential of 0.12 V (vs Ag/AgCl) for
500 s in triplicates. Linearity was evaluated on the basis of the coefficient of determination (R2)
obtained from the regression linear equation. On the other hand, the limit of detection (LOD)
and the limit of quantitation (LOQ) were determined using the signal-to-noise (S/N) ratio
specifically for LOD (S/N = 3) and LOQ (S/N = 10). Sensitivity was determined from the slope of
linear regression from the hydrazine measurements. Selectivity was determined from the
recovery values of hydrazine current response before and after the addition of interference
species. Interference species in the concentration ratio of 1:1, such as NaNO,, FeSO,,
Zn(CH5CO,),, NH4NO;, chlorophenol, triclosan, and ascorbic acid, were added into 30 pM
hydrazine hydrochloride in 0.1 M phosphate buffer (pH 7). Reproducibility was investigated by
preparing six of the AuNPs/GO/PEDOT:PSS-modified GCEs and employed for the measurement
of 30 uM hydrazine hydrochloride in 0.1 M phosphate buffer (pH 7). In addition, stability was
examined by measuring the 30 M hydrazine hydrochloride in 0.1 M phosphate buffer (pH 7)
over six consecutive days using an amperometric technique.

2.5 Analysis of real samples

The hydrazine concentration in tap and drinking water was investigated using the standard
addition technique. A standard calibration curve of hydrazine was prepared in the concentration
range of 0.2—100 uM in 0.1 M phosphate buffer (pH 7). To determine the hydrazine concentration
in real samples, samples of tap and drinking water were spiked with hydrazine and measured by
the amperometric technique in triplicates. The hydrazine concentration obtained by the
electrochemical technique was then compared with that obtained by the spectrophotometric
technique according to the standard method.G? In the spectrophotometric studies, a series of
hydrazine concentrations from 0.2 to 3.81 uM with the addition of para-dimethylamino
benzaldehyde and concentrated HCl were prepared. The absorbance of the solution was
measured using a UV-Vis spectrophotometer at a maximum wavelength of 458 nm. The
concentrations of hydrazine obtained by both electrochemical and spectrophotometric
techniques were compared with its recovery values using Student’s ¢-test at a significance level
of 95%.
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3. Results and Discussion
3.1 AuNPs/GO/PEDOT:PSS-modified GCE

One of the nondestructive methods to obtain a large amount of information about carbon-
based materials is Raman spectroscopy. Figure 2(a) shows the Raman spectra of graphite and
GO. There are several peaks in the Raman spectrum of graphite, i.e., D (1348 cm™), G (1576
cm '), and 2D (2688 cm ') bands. The D band in the Raman spectrum of carbon-based materials
is typically associated with defects in graphite materials, which might be due to the existence of
vacancies, dislocations, or fractures in the graphene layer.*? Moreover, the G band originates
from the in-plane vibration of sp?>-hybridized carbon atoms constituted in the graphene layers.(>)
The last band (2D) is simply associated with the number of graphene layers. In addition, the
successful conversion from graphite to GO can be confirmed by dividing the intensity ratios of
the D band with the G band (/p//;) and the 2D band with the G band (/,/I;) from each material.
(34 It can be seen that the 1,/I; ratio increases from 0.24 (graphite) to 1.03 (GO), indicating the
increasing number of defects present in the material, whereas the I, /I ratio decreases owing to
the loss of graphene layers, which could be attributed to the conversion of graphite to GO.
Therefore, it can be concluded that GO has been successfully obtained from graphite owing to
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Fig.2. (Color online) (a) Raman spectra of graphite and GO, (b) FTIR spectra of GO, PEDOT:PSS, and the
composite of GO/PEDOT:PSS, and (c) diffractograms of GO, PEDOT:PSS, and the composite of GO/PEDOT:PSS.
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the exfoliation of graphene layers. GO could potentially be mixed with PEDOT:PSS as a
conductive polymer to be employed as sensor materials.

FTIR spectroscopy was applied to identify the surface functional groups of GO and
PEDOT:PSS as well as to confirm the chemical interactions in the composite of GO/PEDOT:PSS.
Figure 2(b) shows the FTIR spectra obtained from GO, PEDOT:PSS, and the GO/PEDOT:PSS
composite. The IR spectra for GO show vibration peaks at 3470 cm™! (O—H stretching), 1714
cm! (C=0 stretching), 1587 cm™!' (C=C stretching), and 1042 cm™! (C—O stretching). Moreover,
both FTIR spectra for PEDOT:PSS and its composite (GO/PEDOT:PSS) reveal vibration peaks
at 1737 and 1627 cm™! (C=C stretching in the thiophene backbone), 1198 and 1046 cm™! (S—-O
stretching), and 810 and 659 cm™! (C-S stretching).®>) It is clear that all the spectra obtained
from IR analysis are similar, indicating the successful incorporation of PEDOT:PSS into the GO
structure. In addition, it can be inferred from the IR spectra that GO is not functionalized during
the composite preparation as no additional peak is observed.

X-ray diffraction (XRD) was carried out to investigate the interlayer space (d-spacing) of GO
and the composite of GO/PEDOT:PSS. Figure 2(c) shows the diffractogram obtained from GO,
PEDOT:PSS, and the composite of GO/PEDOT:PSS. From this figure, the XRD spectrum of GO
shows two distinct peaks at 260 = 10.38 and 42.28°. These two peaks are associated with the (001)
and (100) diffractions of the GO sheet with their interlayer d-spacing values being calculated
using Bragg’s law [Eq. (1), where n = 2 and 4 = 1.54 AG0)] to be 8.52 and 2.12 A, respectively.
Moreover, PEDOT:PSS displays a characteristic peak at 260 = 24.33° related to the (020)
diffraction plane, which can be attributed to the backbone of the PEDOT:PSS polymer.”)
However, since there is no visible sharp peak in its XRD spectrum and only a broad peak
displayed at 25°, it can be associated with the amorphous structure of PSS and the interchain
planar ring-stacking distance d(g;p, of PEDOT.®® When GO was mixed with PEDOT:PSS,
several characteristic peaks (20) appeared in its XRD spectrum at 10.27 and 42.96°, and thus
their interlayer d-spacing can be calculated as 8.61 and 2.27 A, respectively. The slight increase
in interlayer d-spacing at 20~ 10.3 and 42.3° in the GO/PEDOT:PSS composite can be associated
with the good interaction between the GO layers and PEDOT:PSS owing to their n-m
interactions.*”) Additionally, the inclusion of PEDOT:PSS in between GO layers can occur,
which is expected to improve the conductivity of its composite.*0)

2dsinf@ =nl Q)]

It has been reported recently that hydrazine can be detected using a GCE modified with a
composite of graphene oxide and PEDOT:PSS.#D However, for future practical applications, its
sensitivity for hydrazine detection still needs to be enhanced. One way to achieve this goal is by
modifying metal nanoparticles, i.e., gold by electrodeposition on the surface of the modified
GCE. Figure 3(a) shows the cyclic voltammogram of a 0.5 M H,SO, solution containing 1 mM
HAuCl, at a scan rate of 100 mV s™! using the GO/PEDOT:PSS-modified GCE obtained in 15
cycles. This preliminary work was intended to obtain the optimum conditions for the
electrodeposition of AuNPs on the surface of the GO/PEDOT:PSS-modified GCE. On the first
cycle of the forward scan [Fig. 3(a)], a single reduction peak was observed at 0.48 V (vs Ag/
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Fig. 3. (Color online) (a) Cyclic voltammogram of GO/PEDOT:PSS-modified GCE in the presence of 1 mM
HAuCly in 0.5 M H,S0y, (b) effect of number of cycles on the oxidation potential (£,,) of 1.5 mM hydrazine in
AuNPs/GO/PEDOT:PSS-modified GCE, (c) current response (/,,) of 1.5 mM hydrazine at a scan rate of 100 mV s
and (d) effects of different scan rates on the current response of 1.5 mM hydrazine in AuNPs/GO/PEDOT:PSS-
modified GCE.

AgCl), and its intensity diminished until 15 cycles. This peak can be associated with the
reduction of AuCl, involving three electrons into metallic gold on the surface of the modified
electrode as outlined in Egs. (2) and (3).

AuCly” — Au* +4CI @)
Autt+3e” — Au 3)

However, when the forward scan was continued from the 2nd cycle to the 15th cycle, it can be
seen that this reduction peak shifted to a higher potential of approximately 160 mV. In addition,
the intensity of the peak current for gold reduction after the 15th cycle did not significantly
change even though the electrodeposition process continued until 40 cycles (figure not shown).
This phenomenon is consistent with thermodynamics, which predicts that the growth of
previously formed AuNPs occurs more easily than the nucleation of new nanoparticles on the
surface of the modified electrode.*? This is because the energy required for gold deposition is
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relatively lower on previously formed AuNPs than on the new area on the surface of the modified
electrode.*® Thus, it can be deduced that the greater number of cycles during gold
electrodeposition will result in the increase in the size of the gold nanoparticles as well.#4)
Therefore, it is necessary to optimize the parameters during gold electrodeposition to still
maintain the nanometer size of the nanoparticles. The optimized parameters will be employed
for hydrazine detection using electrodeposited AuNPs on the composite of the GO/PEDOT:PSS-
modified GCE.

The effects of the number of cycles and scan rate during AuNP electrodeposition on
hydrazine oxidation were also investigated by CV using the GO/PEDOT:PSS-modified GCE.
Figure 3(b) shows the effect of the number of cycles using the modified electrode (AuNPs/GO/
PEDOT:PSS/GCE) on the peak of oxidation potential (£,,) of 1.5 mM hydrazine in 0.1 M
phosphate buffer (pH 7) at a scan rate of 100 mV s~!. Each measurement of hydrazine oxidation
using the modified electrode in different cycles of AuNP electrodeposition was performed in
triplicates. As shown in this figure, the oxidation peak of hydrazine shifted negatively as the
number of cycles increased from 5 to 15 with the lowest potential of hydrazine oxidation
obtained at 15 cycles (E,, = 0.27 V). After 15 cycles of AuNP electrodeposition, the potential
peak of hydrazine shifted positively up to 40 cycles. On the basis of this result, it is preferable to
choose the low potential peak for hydrazine (0.27 V) for practical applications owing to the
lower risk of interference. In addition, according to Fig. 3(c), with the increasing number of
cycles for AuNP electrodeposition, the current response of hydrazine oxidation slightly increased
as well. However, since the current response of hydrazine oxidation, as well as time efficiency,
did not significantly change after 15 cycles, we decided to choose 15 cycles as the optimum
parameter of AuNP electrodeposition for further studies. In addition, as shown in Fig. 3(d), the
highest peak current of hydrazine oxidation was obtained when the measurement was performed
at a scan rate of 100 mV s ! for AuNP electrodeposition in 15 cycles by CV. Therefore, the
condition for AuNP electrodeposition on the GO/PEDOT:PSS-modified GCE in 15 cycles and at
a scan rate of 100 mV s~ was employed for subsequent experiments.

3.2 Characterization of surface of modified electrode using SEM-EDS and AFM
techniques

The surface morphologies of the GO/PEDOT:PSS composite and AuNPs/GO/PEDOT:PSS
were investigated by SEM with elemental mapping (EDX spectrum). Figure 4(a) reveals the
surface morphology of the GO/PEDOT:PSS composite, which appears to be rough and flaky
with a crumpled sheet-like structure. It is expected that this wrinkled surface of the GO/
PEDOT:PSS composite would increase the surface area of the modified electrode as well as
provide active sites for gold deposition. In addition, the EDX spectrum shown in the inset of Fig.
4(a) reveals that the GO/PEDOT:PSS composite contains 64.5% C, 31.5% O, and 3.9% S.
Furthermore, from the elemental mapping of this composite shown in Fig. 4(c), it is clear that C,
O, and S are uniformly distributed on the surface of the GO/PEDOT:PSS composite. When gold
was electrodeposited on the surface of the GGO/PEDOT:PSS composite, the spherical AuNPs
can be seen as small bright spots in Fig. 4(b) under 5000 times magnification.
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Fig. 4. (Color online) (a) SEM image of GO/PEDOT:PSS composite, inset: distribution of elements (C, O, and S) in
GO/PEDOT:PSS composite, (b) SEM image of AuNPs/GO/PEDOT:PSS, inset: distribution of elements (C, O, S, and
Au) in AuNPs/GO/PEDOT:PSS, (c) elemental mapping of C, O, and S in GO/PEDOT:PSS composite, (d) elemental
mapping of C, O, S, and Au in AuNPs/GO/PEDOT:PSS composite, (e) size distribution of gold electrodeposited on
GO/PEDOT:PSS calculated using ImageJ software, and (f) AFM images of the composite of GO/PEDOT:PSS (left)
and AuNPs/GO/PEDOT:PSS (right), which were obtained with a scan rate of 0.75 Hz.
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As described in the previous reports™®), the mechanism of AuNP electrodeposition on the
surfaces of graphene-based electrodes as determined by CV can be deduced in several steps.
First, the reduction of Au*" from the AuCl,~ precursor solution occurred at a potential near +0.4
V (vs Ag/AgCl), and Au® subsequently deposited on the graphene-based electrode surface rich in
oxygen functional groups.*®) This process is initially generated by the formation of seeds of Au
core, followed by the growth of AuNPs.#7) Furthermore, the EDX spectrum and elemental
mapping of the surface of gold electrodeposited as shown in Figs. 4(b) and 4(d) on GO/
PEDOT:PSS confirm the homogenous distribution of AuNPs with the elemental composition of
C, O, S, and Au being 60.8, 21.8, 4.8, and 12.9 wt%, respectively. In addition, we also calculated
the size distribution of gold electrodeposited on the surface of the GO/PEDOT:PSS composite in
Fig. 4(e) using ImagelJ software from 100 particles with the average size of AuNPs being 83.97 +
2477 nm. Nevertheless, to obtain clear and consistent evidence of the growth of AuNPs on the
electrode surface, it is intriguing to further investigate the AuNPs/GOPEDOT:PSS surface using
more advanced techniques such as AFM.

AFM was employed not only to characterize the surface morphologies but also to confirm
the formation of AuNPs on the surface of the modified electrode. Figure 4(f) shows the surface
morphologies obtained from GO/PEDOT and AuNPs/GO/PEDOT:PSS in a three-dimensional
structure with a scan area of 5 x 5 um?. In Fig. 4(f) (left side), we can observe that the surface of
GO/PEDOT:PSS is slightly rough and can be expressed in terms of the root-mean-square (RMS)
roughness for this composite of 0.43 um. However, when gold was electrodeposited (indicated by
orange spheres) on the surface of the GO/PEDOT:PSS composite as shown in Fig. 4(f) (right
side), a marked change in roughness was observed with its RMS of roughness increasing
significantly to 60.44 pm. Additionally, we can easily observe in this figure that the size of the
AuNP spheres in the initial seed stage is approximately less than 50 nm with some of the AuNP
spheres having grown to more than 100 nm in size. These observations provide both qualitative
and quantitative proofs of the formation of AuNPs on the surface of GO/PEDOT:PSS, either in
the seed or growth stage. In addition, AuNPs behave as an electron transfer channel on the
surface of the modified electrode, contributing to a large accessible surface area for the
electrocatalytic reaction of analytes.84% Furthermore, it is expected that the presence of AuNPs
on the surface of the material composite will enhance the electrode conductivity for sensing
applications.

3.3 Electrochemical behavior of AuNPs electrodeposited on GO/PEDOT:PSS-modified
GCE for hydrazine detection

The electrochemical behaviors of electrodes (bare, GO/PEDOT:PSS-modified, and AuNPs/
GO/PEDOT:PSS-modified GCEs) were evaluated for the measurement of 1.5 mM hydrazine in
0.1 M phosphate buffer (pH 7) in the potential range from 0 to 1.0 V. Figure 5(a) shows the
corresponding voltammograms from the electrodes at a scan rate of 100 mV s! by CV with the
oxidation potential of hydrazine observed at 0.44 V (vs Ag/AgCl) for the GO/PEDOT:PSS-
modified GCE. However, when AuNPs were electrodeposited on the surface of the GO/
PEDOT:PSS-modified GCE, the oxidation potential of hydrazine shifted to 0.27 V (vs Ag/AgCl).
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Fig. 5. (Color online) (a) Cyclic voltammogram obtained from the measurement in 0.1 M phosphate buffer (pH 7)
containing 1.5 mM hydrazine at a scan rate of 50 mV s™! using different modified electrodes, (b) interaction between
the hydrazinium cation with AuNPs electrodeposited on the surface of GO/PEDOT:PSS-modified GCE, (c) cyclic
voltammograms at 100 mV s}, and (d) Nyquist plot obtained from three different electrodes (bare, GO/PEDOT:PSS-
modified, and AuNPs/GO/PEDOT:PSS-modified GCEs) for the measurement of 1 mM K;[Fe(CN)y] in 0.1 M
phosphate buffer (pH 7) with a frequency range from 1 x 10° to 1 x 103 Hz and E,. = 10 mV at open circuit potential.

The 1700 mV reduction of overpotential suggested the efficient electrocatalytic activity of the
AuNPs/GO/PEDOT:PSS-modified GCE towards hydrazine oxidation. This is due to the
existence of highly conductive AuNPs on the surface of GO/PEDOT:PSS, which reflects faster
electron transfer resulting in a more defined and sharper peak for the current of hydrazine
oxidation. In addition, it was revealed that the peak current intensity of hydrazine oxidation at
the AuNPs/GO/PEDOT:PSS-modified GCE is approximately 11 times higher than that at the
GO/PEDOT:PSS-modified GCE. Furthermore, it was also deduced that the higher catalytic
activity of hydrazine oxidation is a result of the synergy between AuNPs and the GO/
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PEDOT:PSS composite on the GCE surface. Thus, it is expected that this platform based on
AuNPs deposited on the GO/PEDOT:PSS-modified GCE will provide a higher sensitivity than
the other electrodes for hydrazine detection.

At acidic to neutral pHs of the aqueous solution, hydrazine exists in its protonated state,
N,H;" or hydrazinium cation, while at pHs higher than 9.7, N,H, or hydrazine is the predominant
species.0? Since in this work the hydrazine measurement was adjusted to a neutral condition
using phosphate buffer (pH 7), we can expect the hydrazinium cation (N,Hs") to be the main
species in aqueous media. There are two possible mechanisms to explain the interaction between
N,H;s" and the AuNPs electrodeposited on the GO/PEDOT:PSS composite on the surface of the
GCE as shown in Fig. 5(b). First, the electrostatic interaction between sulfonic acid groups (SO3~
H") from the polymeric structure of PSS in the PEDOT:PSS structure with N,Hs" (hydrazine
form in acidic condition) occurs to form a complex of (-SO;~ N,Hs").6D Second, the presence of
AuNPs on the GO/PEDOT:PSS composite helps to bring N,Hs" closer to the electrode surface
by the bonding formation between metallic gold and hydrazine via covalent coordination
chemistry.5? Consequently, it can be inferred that the synergy between AuNPs and GO/
PEDOT:PSS resulted in a stronger electrocatalytic activity in the hydrazine oxidation on the
surface of the modified electrode.

Figure 5(c) shows the cyclic voltammograms at a scan rate of 100 mV s™! from the
measurement of 1 mM Kj5[Fe(CN)¢] in 0.1 M phosphate buffer (pH 7) using the bare, GO/
PEDOT:PSS-modified, and AuNPs/GO/PEDOT:PSS-modified GCEs. From this figure, it can be
seen that AuNPs/GO/PEDOT:PSS on the GCE showed the highest oxidation peak (/,, = 28.32
nA) and the highest reduction peak (/,. = 28.27 pA) compared with the other electrodes. Then,
the effective surface area from each electrode can be calculated using the Randles—Sevcik
equation:

i, =(2687x10°)n**V'?4D'*C, @)

where i, is the oxidation peak current of K3[Fe(CN)s] (Ampere), n is the number of electrons
involved in the redox reaction from [Fe(CN)4]>~ to [Fe(CN)g]*", which is equal to 1, D is the
diffusion coefficient of K;[Fe(CN)4] (6.70 x 107% cm? s7!) as reported in Ref. 51, 4 is the
effective surface area of the electrode (cm?), v is the scan rate (V s™!), and C is the concentration
of [Fe(CN)¢]*~ (mol cm™3). According to this equation, the effective surface areas for the bare,
GO/PEDOT:PSS-modified, and AuNPs/GO/PEDOT:PSS-modified GCEs can be calculated as
0.006, 0.06, and 0.086 cm?, respectively. It can be deduced from these results that the effective
surface area of the AuNPs/GO/PEDOT:PSS-modified GCE was approximately 14 times larger
than that of the bare GCE. The increase in effective surface area from this modified electrode
could be attributed to the existence of AuNPs on the GO/PEDOT:PSS composite, which works
synergistically and thus effectively improves its electrochemical performance for hydrazine
oxidation. The synergistic activities from these electrode modifiers could be explained by
AuNPs as an electron transfer channel in the electrooxidation of hydrazine, whereas the GO/
PEDOT:PSS composite creates a suitable microenvironment for its electrocatalysis.
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In accordance with CV studies, EIS was also performed on modified electrodes to study the
electron transfer resistance at the electrode interface with respect to their electrochemical
activity. Figure 5(d) shows the Nyquist plot obtained from the bare, GO/PEDOT:PSS-modified,
and AuNPs/GO/PEDOT:PSS-modified GCEs for the measurement of 1 mM K;[Fe(CN)g] in 0.1
M KCI with a frequency range from 10° to 5 kHz and E,. = 10 mV at open circuit potential.
Figure 5(d) (inset) also shows the equivalent circuit of the fitted Nyquist plot from three modified
electrodes, which contains the information about the solution resistance (R;), charge transfer
resistance (R,), and double-layer capacitance (C;). In general, R, increases when the diameter of
a semicircle of the Nyquist plot obtained from the experiments is larger, which represents the
low conductivity of the electrode.®3 On the basis of this figure, R, can be calculated as 334, 241,
and 95 Q for the bare, GO/PEDOT:PSS-modified, and AuNPs/GO/PEDOT:PSS-modified GCEs,
respectively. From these results, it can be inferred that the AuNPs/GO/PEDOT:PSS-modified
GCE shows the highest electronic conductivity among the other electrodes, which can be
associated with the following two important points: First, the synergistic effects occur between
GO and PEDOT:PSS, which increases the electron transport and effective surface area of the
modified electrode, and enhances the electrooxidation process for hydrazine.*3) Second, the
presence of AuNPs on the surface of the GO/PEDOT:PSS composite increases the number of
active sites for electron transfer channels and ultimately allows the easy access of reactant

molecules to the surfaces of the modified electrodes.56-7)

3.4 Evaluation of scan rate effect towards hydrazine measurements using AuNPs/GO/
PEDOT:PSS-modified GCE

The effect of scan rate on hydrazine oxidation was evaluated using the AuNPs/GO/
PEDOT:PSS-modified GCE by measuring 50 uM hydrazine in 0.1 M phosphate buffer (pH 7) at
a scan rate of 25 to 150 mV s . Figure 6(a) shows the increasing peak current of hydrazine
oxidation when the scan rate varied from 25 to 150 mV s !. From this result, the corresponding
linear regression of 1,, vs v/ can be calculated as 1, = 13.982x — 45.231; R* = 0.9943 as shown
in Fig. 6(a) (inset). Thus, it can be concluded that the oxidation of hydrazine on the surface of the
AuNPs/GO/PEDOT:PSS-modified GCE is controlled by diffusion phenomena and is consistent
with previous reports.®839 In addition, this type of diffusion-controlled process is very useful
for the quantitative detection of hydrazine using the modified electrodes. It can also be observed
in this figure that the anodic peak of hydrazine slightly shifts towards a more positive potential
with increasing scan rate, which explains that hydrazine oxidation follows the irreversible
process in the AuNPs/GO/PEDOT:PSS-modified GCE.

Next, the detailed reaction mechanism determined by the electron transfer coefficient (&) and
the number of electrons (n) that participate in the hydrazine oxidation process can be obtained
using several systematic calculations. Figure 6(b) shows the linear relationship between the £, of
hydrazine oxidation with the logarithm of scan rates (Tafel plot). On the basis of this figure, the
linear equation can be obtained as y = 172.67x — 105.38 (R% = 0.9932). According to the Tafel
equation [Eq. (5)], the electron transfer coefficient (a) can be determined using the Tafel slope of
the straight line of the linear regression.
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Fig. 6. (Color online) (a) Voltammograms of 50 pM hydrazine in 0.1 M phosphate buffer (PB) (pH 7) with different
scan rates (25, 50, 100, 125, and 150 mV s7!). Inset: linear relationship between square root of scan rate versus
oxidation current of hydrazine measured with AuNPs/GO/PEDOT:PSS-modified GCE, (b) plot linear as a function
of logarithm of scan rate (v) versus peak potential of hydrazine oxidation, (c) schematic illustration of the mechanism
of hydrazine oxidation on the surface of AuNPs/GO/PEDOT:PSS-modified GCE, (d) chronoamperometric curves of
hydrazine (20—100 pM) in 0.1 M phosphate buffer (pH 7) with an applied potential (£,,) of 0.32 V (vs Ag/AgCl), (i)
Cottrell plot for the data from the chronoamperogram, and (ii) dependence of I-/I, on 2 derived from the
chronoamperogram data.

E, :[2.303RT/(1—a)nF]logv+constant 5)

Here, R is the gas constant (8.314 J K’ mol ™), T is the absolute room temperature (298 K), F is
Faraday’s constant (96485 C mol ™), and 7 is the number of electrons that participate in hydrazine
oxidation. From the straight line of the Tafel plot [Fig. 6(b)], the Tafel slope can be determined as
173 mV decade”!, which suggests that a single electron transfer was involved in the rate-
determining step of the hydrazine oxidation process.®® This result is consistent with several
previous reports utilizing various modified electrodes.©!-62)

Moreover, the total number of electrons (n7) that participate in the electrochemical reaction of
hydrazine oxidation can be estimated from the slope of ,, vs v12 as shown in Fig. 6(a) (inset).
The Randles—Sevcik equation was then employed for the calculation of this irreversible reaction,
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which is kinetically controlled by diffusion phenomena at the modified electrodes®® as shown
in Eq. (6).

1,=(3.01x10°)n[ (1= a)n, ] C,aD} v ©)

Here, A is the effective surface area of the electrode (0.086 cm?), Cy is the bulk concentration of
hydrazine (5 x 1078 mol cm™), and D is the diffusion coefficient (2.25 x 107> cm? s 1). Therefore,
the number of electrons (n) transferred in the reaction of hydrazine oxidation can be calculated
as 3.56 = 4 according to Fig. 6(a) (inset). On the basis of previous studies,©*% the possible
mechanism for hydrazine oxidation on the surface of the AuNPs/GO/PEDOT:PSS-modified
GCE can be illustrated by the following equations:(©®)

N,Hs™ + Hy0 <> NyH, + H;07, (7
N2H4 + H20 — N2H4.+ + H:;O+ +e, (8)
N,H;* + 3H,0 — N, + 3H;0" + 3¢™. ©)

From these equations, it can be deduced that hydrazine oxidation occurs with a single electron
transfer in a rate-determining step (8), followed by a rapid three-electron transfer process (9).
Thus, the overall reaction of hydrazine oxidation can be defined as shown in Fig. 6(c) and
following the equation

1\12H5jL + 4H20 — N2 + 4H3O+ + 487. (10)

Next, the diffusion coefficient (D) and catalytic rate constant (k) of hydrazine measurements
at the AuNPs/GO/PEDOT:PSS-modified GCE can be determined using the chronoamperometry
technique. Figure 6(d) shows a chronoamperogram obtained from different concentrations of
hydrazine (20100 pM) at an applied potential of 0.32 V (vs Ag/AgCl). Then, the diffusion
coefficient of hydrazine measurements can be determined using the following Cottrell
equation:(67)

_ 1/2 1/2 ,1/2
I, =nFACD" [n"°t", (11)

where [, is the oxidation current of hydrazine measured with the AuNPs/GO/PEDOT:PSS-
modified GCE, 4 is the surface area of the electrode (cm?), F is Faraday’s constant, C is the
hydrazine concentration (1 x 1077 mol cm™3), D is the diffusion coefficient (cm? s™!), and ¢ is
time (s). Then, D can be calculated as 2.25 x 107> ¢cm? s! on the basis of the provided linear
regression in Fig. 6(d)(i) (inset). In addition, the rate constant (k) for the electrocatalytic oxidation
of hydrazine by the AuNPs/GO/PEDOT:PSS-modified GCE can be calculated as®)
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1,71, =(mkC,r)"”, (12)

where /. is the catalytic current of hydrazine measured with the AuNPs/GO/PEDOT:PSS-
modified GCE, /; is the finite current without hydrazine, k is the catalytic rate constant (cm?
mol ! s7), C, is the hydrazine concentration (mol cm3), and ¢ is time (s). On the basis of the
slope of 1/I; vs t'2 in Fig. 6(d)(ii) (inset), & is found to be 1.03 x 107 cm? mol™! s™!. This result
shows that the AuNPs/GO/PEDOT:PSS-modified GCE provides good electrocatalytic activity
for hydrazine oxidation. In addition, this electrode based on a combination of AuNPs with a
material composite consisting of carbon and conductive polymer revealed a promising platform
for the investigation of the electrocatalytic process of quantitative hydrazine determination.

3.5 Analytical performance of AuNPs/GO/PEDOT:PSS/GCE for hydrazine detection

The amperometric technique is one of the most appropriate and rapid methods for the
detection of low-concentration analytes either in a synthetic or sample solution. Thus, we used
this technique for hydrazine determination to achieve a higher sensitivity and a lower detection
limit using the AuNPs/GO/PEDOT:PSS-modified GCE. Figure 7(a) shows the chronoamperogram
recorded from the measurements of various concentrations of hydrazine (0.2-100 uM) in 0.1 M
phosphate buffer (pH 7) at a potential of 0.32 V under continuous stirring conditions. The
applied potential of 0.32 V was selected owing to its optimum current response, thus giving the
highest sensitivity based on Fig. 5(a). Then, the resulting chronoamperogram in Fig. 7(a)
illustrates the rapid and sensitive detection of hydrazine using the modified electrode with
oxidation peak current increasing linearly with the concentration of hydrazine. It can also be
seen from the assessment of the chronoamperometric studies of hydrazine measurements in this
figure that there are two obtained corresponding calibration plots in two different ranges of
hydrazine concentrations. The corresponding linear equations are 1, (nA) = 0.5798C},y4zine +
0.5046 (R* = 0.9907, 0.2-1.0 uM) and L, (uA) = 0.1271C)ygrgzime + 0.5981 (R* = 0.9935, 10-100
uM) [Fig. 7(b)]. In addition, the sensitivities from these two linear equations can be calculated as
0.598 pA uM 1 (0.2-1.0 uM) and 0.127 pA pM ! (10-100 uM). Furthermore, the LOD and LOQ
can be obtained as 0.005 uM (1.6 x 10™* pg mL™") and 0.08 uM (2.56 x 1073 pg mL™),
respectively. According to EPA regulations, the LOD derived from this experiment was lower
than the permissible threshold limit of 0.312 uM (10 ppb).©? Therefore, it can be concluded that
this proposed sensor has high sensitivity for hydrazine detection with prospective application to
be employed in real samples.

The different electrode modifiers employed for the electrochemical detection of hydrazine
are shown in Table 1, where the proposed sensor exhibits an analytical performance comparable
to those of previous sensors. From Table 1, it is evident that the proposed sensor offers a higher
sensitivity and a wider analytical range for hydrazine detection than other sensors,(70-7274.76-78)
although several previous hydrazine sensors still exhibited superior analytical performance in
terms of wider analytical range, lower LOD, and higher sensitivity.(’37>7°-8) However, this
developed method offers a simple approach to modifying the electrode surface by using an
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Fig. 7. (Color online) (a) Chronoamperometric response obtained from consecutive additions (0.2-100 uM) of

hydrazine using AuNPs/GO/PEDOT:PSS-modified GCE, (b) the corresponding calibration curve of the current
response of hydrazine oxidation versus its concentration in two different ranges, (c) reproducibility of five different
AuNPs/GO/PEDOT:PSS-modified GCEs for the measurement of 30 pM hydrazine in 0.1 M PB (pH 7), (d) stability
measurements in four consecutive days of the proposed sensor using 0.1 M PB (pH 7) containing 30 uM hydrazine,
and (e) chronoamperogram of 30 uM hydrazine in 0.1 M PB (pH 7) with addition of several interferences at each
concentration of 30 uM [NaNO,, FeSO,, Zn(CH;CO,),, NH4NO;, chlorophenol, triclosan, and ascorbic acid].
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Table 1

Comparison of AuNPs/GO/PEDOT:PSS/GCE with other modified electrodes for hydrazine detection.

Electrode Linear range (uM)  LOD (uM) (u AS ;I:;/llt,llvlctr};l,z) Ref.
ErGO?*PEDOT:PSS 0.2-100; 1-100 uM 0.01 196.7; 24.7 (30)
CoSo/HNGCP 1 uM-3 mM 0.272 2384 (72)
rGO/MoS,/Au electrode 0.1-1.0 uyM 0.132 89.9 (73)
Ag/PPTI¢ 0.05-50 uM 0.05 0.45 (74)
MoS,-QDs@Fe304/rGO 0.8-2190 uM 0.12 0.0353 (75)
NiCo-LDHs@h-Ni NWS 10 uM—8 mM 0.29 312.8 (76)
Co03S4/Ti Mesh 0.005-2 mM 0.7 2956 (77)
CupLy¢ 0.5-27 uM 0.5 0.603 (78)
CoS,@NC/CNTs® 1.0 uM-6.0 mM 0.096 2101 (79)
NiCo-LDH 0.001-1 mM; 1-7 mM 0.043 5342; 2965 (80)
NiO nanoflower 0.99-98.13 uM 0.026 547 81)
Au@CNOf 0.05-1000 pM 0.012 485.7 (82)
Co(OH)F@NiMn-LDH NSA/CC 2 uM-7 mM 0.21 2850 (83)
AuNPs/GO/PEDOT:PSS 0.2-1; 1-100 pM 0.005 579.8; 127 This work

3Electrochemically reduced graphene oxide. ®"N-doped mesoporous graphite carbon nanocages. “Polyperylene-tetraamide.
dCopper thiosemicarbazone. °3D hexagonal star-like carbon nanotube. ‘Carbon nano-onions.

electrodeposition technique to enhance sensitivity for hydrazine detection. In addition, the
synergy activities between AuNPs with GO/PEDOT:PSS result in the high conductivity of the
material composite and could enhance the signal amplification due to a faster electron transfer at
the surfaces of the modified electrodes. Therefore, from the above discussion, it can be
concluded that the proposed hydrazine sensor based on the AuNPs/GO/PEDOT:PSS-modified
GCE demonstrates its potential to be employed in hydrazine sensing for practical applications.

3.6 Evaluation of reproducibility, stability, and selectivity of AuNPs/GO/PEDOT:PSS-
modified GCE

The sensor reproducibility and stability of the AuNPs/GO/PEDOT:PSS-modified GCE were
evaluated in a solution of 0.1 M phosphate buffer (pH 7) containing 30 uM hydrazine using the
amperometric technique. Sensor reproducibility was evaluated by measuring six different
AuNPs/GO/PEDOT:PSS-modified GCEs for 30 uM hydrazine under similar experimental
conditions. Sensor stability was evaluated by using a single AuNPs/GO/PEDOT:PSS-modified
GCE for the measurements of 30 uM hydrazine for four consecutive days. Relative standard
deviations (RSDs) of 4.68% for sensor reproducibility [Fig. 7(c)] and 4.98% for sensor stability
[Fig. 7(d)] were obtained. All measurements for the evaluation of sensor reproducibility and
stability were performed in triplicates. Therefore, it can be inferred that the proposed sensor
based on the AuNPs/GO/PEDOT:PSS-modified GCE displays good and reliable analytical
performance to be used further in the analysis of real samples, such as tap and drinking water.

The selectivity of the proposed sensor was then employed to investigate the interference
effects of various interfering species [NaNO,, FeSO,, Zn(CH;CO,),, NH4NO;, chlorophenol,
triclosan, and ascorbic acid], which may be present in real samples. Figure 7(¢) shows the
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chronoamperometric response from the measurements of 30 uM hydrazine in the presence of
several interfering species in the concentration ratio of 1:1. From this figure, it is clear that the
addition of these potential interfering species has a negligible effect on the oxidation current of
hydrazine. More importantly, when hydrazine was introduced again to the solution containing
all the potential interfering species, the oxidation current of hydrazine increases again. This
result indicates that the proposed sensor has good selectivity towards hydrazine detection using
the AuNPs/GO/PEDOT:PSS-modified GCE. In addition, this result was then quantitatively
analyzed to obtain the relative standard deviation (RSD) and was in the acceptable range (93—
104%) as summarized in Table 2. Therefore, the data summarized in this table confirm that the
AuNPs/GO/PEDOT:PSS-modified GCE has a promising potency to be used for hydrazine
detection in real samples.

3.7 Comparison of hydrazine detection in real samples using the proposed sensor (AuNPs/
GO/PEDOT:PSS-modified GCE) with standard spectrophotometric technique

To determine whether this sensor could be used in real sample analysis for hydrazine
detection, two experiments were performed using two samples of water obtained from different
sources, tap and drinking water. Both water samples were analyzed using the proposed sensor
(AuNPs/GO/PEDOT:PSS-modified GCE) using the amperometry technique, which was
compared with the standard spectrophotometric method to evaluate its accuracy. Hydrazine was
added at different concentrations to the water samples using the standard addition method to
obtain its recovery and RSD. All data from the hydrazine determination in tap and drinking
water were obtained in triplicate experiments by electrochemical and spectrophotometric
techniques. As shown in Table 3, the recovery values for tap and drinking water are in the
acceptable analytical range for both electrochemical (98—102%) and spectrophotometric (98—
104%) techniques. In addition, the RSDs for both techniques are also in the acceptable range
with %RSD less than 5%. The recovery values from both techniques were further statistically
analyzed using Student’s #-test at the 95% confidence interval. It was obtained from Student’s
t-test that there is no significant difference between these two techniques, suggesting that this
proposed sensor can be potentially employed for the assessment of water quality in the
environment, particularly for hydrazine sensing.

Table 2

Interference effect and recovery value of hydrazine measurement at 30 M concentration.

Interferences Interference:HZ IHZ (nA) Recovery (%)
— — 43+03 —
NaNO; 1:1 41+0.2 94.6
FeSOy4 111 43+03 99.0
Zn(CH3COy), 1:1 4.0+0.2 93.1
NH4NO3 1:1 4.0+0.1 94.2
Chlorophenol 1:1 4.1+0.0 94.8
Triclosan 1:1 40+0.1 92.6

Ascorbic acid 1:1 4.5+0.1 104.3
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Table 3
Comparison of results of hydrazine detection in real samples (tap and drinking water) using the proposed sensor
and standard spectrophotometric technique.

Sample Added Electrochemical Spectrophotometry
(uM)  Found (uM) Recovery (%) RSD (%)  Found (uM) Recovery (%) RSD (%)
0.2 0.20 101.14 3.96 0.20 100.11 2.07
0.5 0.51 101.45 3.56 0.50 99.23 2.77
Tap water 0.8 0.80 100.25 4.05 0.81 101.25 1.94
10 9.85 98.52 4.04 10.20 102.23 4.85
40 40.97 102.43 3.63 40.90 100.47 3.69
60 60.85 101.42 4.05 60.61 101.01 1.77
0.2 0.20 100.02 4.86 0.20 98.25 4.90
0.5 0.50 99.26 4.80 0.50 100.29 2.40
Drinking 0.8 0.80 99.42 4.93 0.79 98.60 4.93
water 10 10.01 100.10 3.69 10.49 104.88 2.79
40 39.87 99.68 4.76 40.72 101.80 1.89
60 60.13 100.22 2.20 59.94 99.91 2.67

4. Conclusion

We have demonstrated the successful fabrication of an amperometric hydrazine sensor based
on AuNPs electrodeposited on the composite of the GO/PEDOT:PSS-modified GCE. We found
that the optimum experimental condition for AuNP electrodeposition on the GO/PEDOT:PSS
composite is 15 cycles of electrodeposition at a scan rate of 100 mV s~ . The electrode modifier
consisting of AuNPs on the GO/PEDOT:PSS composite was then characterized using several
instrumentation techniques such as Raman, FTIR, XRD, SEM-EDS, AFM, and EIS. The
amperometric hydrazine sensor exhibited excellent electrocatalytic activity compared with the
bare and GO/PEDOT:PSS-modified GCEs. This enhanced electrocatalytic activity of hydrazine
oxidation is attributed to the synergistic effect between AuNPs as the electron transfer channel
and the GO/PEDOT:PSS composite as the highly conductive material, which can increase the
electrode conductivity. In terms of its analytical performance, the fabricated amperometric
hydrazine sensor also demonstrated a linear response for hydrazine detection from 0.2 to 100
uM with a low LOD of 0.005 uM (S/N = 3) and good sensitivity of 579.8 pA mM ™' cm™2. In
addition, this proposed amperometric hydrazine sensor shows acceptable reproducibility,
stability, and selectivity towards several potential interfering species that might be present in
environmental water. This proposed sensor has been tested in two different types of water,
namely, tap and drinking water, for hydrazine detection, and the results showed no significant
difference with the standard spectrophotometric technique. Thus, this work demonstrated a
promising potency of the amperometric sensor based on AuNPs electrodeposited on the GO/
PEDOT:PSS composite-modified GCE for the highly sensitive detection of hydrazine with a low
LOD.
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