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1 | INTRODUCTION

A reduced graphene oxide/platinum(II) tetraphenylporphyrin nanocomposite (RGO/
Pt-TPP)-modified glassy carbon electrode was developed for the selective detection
of hydrazine. The RGO/Pt-TPP nanocomposite was successfully prepared via
noncovalent n—r stacking interaction. The prepared nanocomposite was character-
ized using nuclear magnetic resonance, electrochemical impedance, ultraviolet—vis-
ible and Raman spectroscopies, scanning electron microscopy and X-ray diffraction.
The electrochemical detection of hydrazine was performed via cyclic voltammetry
and amperometry. The RGO/Pt-TPP nanocomposite exhibited good electrocatalytic
activity towards detection of hydrazine with low overpotential and high oxidation
peak current. The fabricated sensor exhibited a wide linear range from 13 nM to
232 uM and a detection limit of 5 nM. In addition, the fabricated sensor selectively
detected hydrazine even in the presence of 500-fold excess of common interfering
ions. The fabricated electrode exhibited good sensitivity, stability, repeatability and
reproducibility. In addition, the practical applicability of the sensor was evaluated
in various water samples with acceptable recoveries.
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agent. Therefore, sensitive and selective detection of
hydrazine is very important.'”*®!

Hydrazine (N,H,) is a simple inorganic molecule with a
molecular weight of 32.04 g mol™! and its derivatives are
well known due to their extensive applications in various
fields, such as corrosion inhibitors, oxygen scavengers,
rocket propellants, photographic chemicals, plastic blowing
agents, dyes, explosives and pesticides.'' However,
hydrazine and its derivatives are biologically toxic and
environmental pollutants; they can be easily absorbed via
oral, skin and respiratory routes. Hence, hydrazine is highly
toxic to humans and animals, and it causes several health
effects.[® In addition, the World Health Organization has
classified the hydrazine as a B2 group human carcinogenic

Numerous analytical methods have been developed for the
detection of hydrazine, such as spectrophotometric
methods,”®’  high-performance liquid chromatography,!'®}
titrimetry,!'"! flow injection analysis,!'?! gas chromatogra-
phy,'¥ potentiometry,'™*! colorimetric determination'*>! and
capillary electrophoresis.!'® However, these kinds of methods
involve time-consuming processes and require tedious proto-
cols. On the contrary, electrochemical methods are facile,
sensitive and selective compared to other traditional analytical
methods."'”'*! Hydrazine is electrochemically active on
glassy carbon electrodes (GCEs), screen-printed carbon
electrodes and graphite electrodes. Unfortunately, these
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unmodified electrodes have some drawbacks such as high
overpotential and low sensitivity. Therefore, a suitable
modified electrode is required to resolve these problems.

Graphene as a two-dimensional, one-atom-thick planar
sheet comprising an sp® carbon network has attracted
attention because of its extraordinary electronic properties.
Due to the unique properties of graphene, it is a promis-
ing material for potential applications in a variety of
fields, for instance in nanoelectronics, supercapacitors,
catalysis, batteries, drug delivery and sensors. Nowadays,
the chemical conversion of graphite to graphene oxide
(GO) is one of the most advanced methods to achieve
single-layer graphene. However, reduced graphene oxide
(RGO) is more electron conductive than GO (ca
2253 S m™").?") RGO can be prepared using different
kinds of methods such as thermal, chemical and electro-
chemical methods.*"! The electrochemical method is a
good alternative to chemical and thermal methods due to
its simplicity, low cost and environmental friendliness. In
addition, the electrochemical preparation of RGO has
advantages in terms of control of film thickness and
highly stable product.**%!

Porphyrins are a class of macrocyclic conjugated organic
molecules, having four pyrrole rings connected with
methane bridges. Hence, porphyrin metallated by transition
metals promotes the aromatic character.**2°! Metallated
porphyrin has been used as an electrocatalyst for oxidation
reactions.*”*®!  The reactivity
metalloporphyrin depends upon the central metal ions and
the substituents on the porphyrin ring. Platinum is one of
the most attractive metals due to its outstanding electrocata-
lytic activity. Hence, platinum has been metallated into the
porphyrin ~ macromolecule to  form  platinum(Il)
tetraphenylporphyrin (Pt-TPP). Pt-TPP has been investigated
as an oxygen sensor,?>**! photosensitizer,”'**! antitumor
agent®® and molecular conductor.***! Moreover, the
highly emissive triplet states and extended m-ring system of
Pt—porphyrin are conducive for use in sensing and biological
imaging applications.

The properties of metalloporphyrin have been exten-
sively studied by covalent and noncovalent functionalization
with graphene materials. However, the noncovalent
functionalization of metallated porphyrin has advantages
over covalent functionalization due to its being simple, con-
venient, avoiding destruction and preserving the unique
properties.”*~*! The main objective of the work presented
here was to prepare Pt-TPP molecules decorated with
RGO through noncovalent n—x stacking interaction. Electro-
chemical reduction was used to increase the interaction
between Pt-TPP and RGO. Hence, the as-prepared RGO/
Pt-TPP nanocomposite exhibited a high electrocatalytic
activity towards the oxidation of hydrazine, with a lower
oxidation potential (—0.25 V) and wider linear concentra-
tion range (13 nM to 232 puM) than those of other reported
hydrazine sensors.

and reduction of a

2 | EXPERIMENTAL

2.1 | Materials and methods

Purified graphite powder (1-2 pm), pyrrole, propionic acid,
benzaldehyde, platinum(Il) chloride, potassium ferricyanide,
potassium ferrocyanide and other chemicals were obtained
from Sigma Aldrich. Hydrochloric acid, sulfuric acid and
hydrazine monohydrate were purchased from Merck. All the
purchased chemicals were of analytical grade and used with-
out any purification. Phosphate-buffered saline (PBS; pH =7)
was prepared using 0.05 M Na,HPO, and 0.05 M NaH,PO,.
The pH was adjusted using 0.5 M H,SO,4 and 2 M NaOH.
Electrochemical measurements were carried out using a
CHI 1205A computerized electrochemical workstation. The
electrochemical cell had saturated Ag/AgCl as a reference
electrode, platinum wire as a counter electrode and glassy
carbon (area = 0.0798 cm?) as a working electrode. Ampero-
metric measurements were performed with an analytical rota-
tor (AFMSRX, USA) connected with a rotating disc carbon
electrode (electrode area = 0.24 cmz). UV-visible spectra
were recorded with a JASCO V770 and 'H NMR spectra with
a JEOL 300 MHz spectrometer. The morphological structure
was characterized using scanning electron microscopy (SEM;
Hitachi S-3000H), and elemental (energy-dispersive X-ray,
EDX) analysis was carried out using a Horiba EMAX X-
ACT (51-ADD0009) instrument. Electrochemical impedance
spectroscopy (EIS) was carried out with a Zahner impedance
instrument (Kroanch, Germany) from 0.1 Hz to 1 MHz fre-
quency used for impedance analysis. Fourier transform infra-
red (FT-IR) spectra were recorded with a PerkinElmer
spectrometer. Raman spectra were recorded using a Jobin
Yvon T64000 spectrometer equipped with a charge coupled
device detector cooled with liquid nitrogen. All the electro-

chemical experiments were carried out at ambient
temperature.
2.2 | Synthesis of Pt-TPP

Pt-TPP was prepared using the method of Adler et al.®” In
brief, pyrrole (50 ml/0.8 M) was added into a refluxing flask,
propionic acid (80 ml/0.8 M) was added and the mixture was
refluxed for 45 min. The refluxed solution was cooled to
room temperature, filtered and washed with methanol. After
a hot water wash, purple crystals of TPP (90% yield)
appeared (Scheme 1). The synthesized TPP (50 mg) was dis-
solved in chloroform (20 ml). Then, platinum(Il) chloride
(0.75 mmol) and benzonitrile were added into the TPP solu-
tion and refluxed. The reaction mixture was washed twice
with water to remove excess unreacted materials. Finally,
the solvent was removed using a rotatory evaporator. The
resultant product of Pt-TPP (Scheme 2) was characterized
and confirmed using '"H NMR spectroscopy (Figures S1,
S2) and UV-visible spectroscopy, and then stored in a
refrigerator. !
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2.3 | Preparation of RGO/Pt-TPP Nanocomposite

Before electrode modification, a bare GCE was polished
using alumina slurry then washed with anhydrous ethanol
and distilled water followed by ultrasonication for 5 min.
GO was prepared using a modified Hummer method." "
The synthesized Pt-TPP was added (5 pl) into 2 ml of GO
dispersion (1 mg ml™") and then the mixture was sonicated
for 20 min for complete interaction between GO and Pt-TPP.
The RGO/Pt-TPP nanocomposite (Scheme 3) was formed
through n—n stacking interaction between Pt-TPP and RGO.
A suspended solution (8 pl) of GO/Pt-TPP (S3) was drop-
coated on the GCE surface and dried at room temperature.
Then, the modified GCE was transferred into an electrochem-
ical cell containing 0.05 M acetate buffer and a potential
difference of 0 to —1.4 V was applied for GO reduction
(S4). Finally, the RGO/Pt-TPP nanocomposite-modified
GCE was obtained, and was stored in a refrigerator.

- gq-E PtTPP

.Hummurm'mod m‘““ Sonication 30 mln

|Graphite
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i Response” :
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SCHEME 3  Preparation of RGO/Pt-TPP nanocomposite
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3 | RESULTS AND DISCUSSION

3.1 |

The 'H NMR spectra of TPP and Pt-TPP are shown in
Figures S1 and S2. '"H NMR spectrum of TPP (300 MHz,
CDCls, o, ppm): 7.24 (s, 8H), 8.18 (d, 8H, J = 7.8 Hz),
7.75 (m, 12H), —2.81 (s, 2H). '"H NMR spectrum of Pt-TPP
(300 MHz, CDCls, 6, ppm): 7.74 (s, 8H), 8.19 (d, 8H,
J = 5.4 Hz), 7.96 (m, 12H). The singlet N—H peaks (due to
rapid exchange of the N—H protons) are found at very high
field of —2.81 ppm (2H) because of shielding of the porphy-
rin ring. The disappearance of the NH proton signal in the
spectrum of the Pt-TPP complex confirms the complete
metallation between porphyrin and Pt.1*2%31 The surface mor-
phology of the as-prepared nanocomposite was examined
using SEM. Figure 1 shows SEM images of GO, RGO,
GO/Pt-TPP, Pt-TPP and RGO/Pt-TPP. The SEM image of
GO displays a non-exfoliated sheet structure. The SEM
image of RGO exhibits aggregated and exfoliated structure
through the reduction of GO. In addition, the inset of
Figure 1(C) shows a typical SEM image of as-synthesized
Pt-TPP. The SEM image of GO/Pt-TPP clearly reveals that
the Pt-TPP molecules are anchored on the GO surface. Fur-
thermore, the SEM image of the RGO/Pt-TPP nanocomposite
shows that the Pt-TPP molecules are uniformly distributed on
the RGO surface via n—z stacking interaction and manipu-
lates the uniform active surface area. The active surface area
is used for electron transfer and electrocatalytic reaction.
The inset of Figure 1(D) shows the EDX spectrum of the
RGO/Pt-TPP nanocomposite, confirming the presence of C,
N, O and Pt atoms in the composite.

Raman spectroscopy is widely used to characterize the
crystal structure and disorder of graphene-based nanocom-
posites. The spectra show changes in the relative intensity
of D and G bands."***> The intensities of D and G bands
are used to identify the functionalization of graphene-based
nanomaterials."*®! Figure 2(A) shows the Raman spectra of

Characterization of nanocomposite

FIGURE 1

SEM images of (A) GO, (B) RGO, (C) GO/Pt-TPP and (D)
RGO/Pt-TPP. Inset (C’) Pt-TPP; inset (D') EDX spectrum of RGO/Pt-TPP
nanocomposite
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FIGURE 2 (A) Raman spectra of (a) RGO and (b) RGO/Pt-TPP
nanocomposite. (B) FT-IR spectra of (a) RGO and (b) RGO/Pt-TPP
nanocomposite

RGO and the RGO/Pt-TPP nanocomposite. The Raman spec-
trum of RGO exhibits two peaks at 1356 and 1592 cm™" for
D band and G band. The RGO/Pt-TPP nanocomposite spec-
trum shows the D band at 1347 cm™' and the G band at
1597 cm™". The downshift of the D band and the upshift of
the G band compared with RGO suggest a strong interaction
between Pt-TPP and RGO.

FT-IR spectroscopy is an effective tool for identifying the
functional groups in graphene-based nanomaterials. Figure S6
shows the FT-IR spectrum of GO and Figure 2(B) shows the
FT-IR spectra of RGO and RGO/Pt-TPP. The FT-IR spectrum
of GO exhibits sharp peaks at 3426, 1730, 1225 and 1063 cm™!
which are attributed to the stretching modes of —OH, C=0,
—C—0O (epoxy) and R—C—O (alkoxy), respectively. However,
the intensities of these peaks are considerably reduced after
the reduction of GO to RGO indicating the removal of oxygen
functionalities and partial restoration of sp® network. The cor-
responding O—H stretching vibrations appear at 3400 cm™".
Moreover, the C=0 and C=C stretching vibrations are
observed at 1720 and 1628 cm™', respectively. The peaks at
1285 and 1633 cm™' are attributed to the C—N and C—C
stretching vibrations. The symmetric and antisymmetric
vibrations of —CH, appear at 2933 and 2862 cm™'. When
Pt-TPP noncovalently interacts with RGO, positively shifted
C=C and C=N bands of the RGO/Pt-TPP nanocomposite
are obtained at 1668 and 1260 cm™".1*®/ The peaks at 3300
and 2925 cm™' are assigned to N—H and C—H stretching
vibrations. Therefore, the FT-IR spectra confirm the strong
interaction between RGO and Pt-TPP.

Figure 3(A) shows the UV-visible spectra of GO, RGO,
Pt-TPP, RGO/Pt-TPP and TPP. The UV-visible spectra were
obtained at room temperature. GO and RGO show absorption
bands at 290 and 296 nm, respectively. The RGO absorbance
value is decreased compared to that of GO. The TPP spec-
trum shows an absorption peak of a Soret band at 418 nm
and Q bands appear at 469, 514, 549, 590 and 647 nm. More-
over, the Pt-TPP spectrum shows the absorption peak of a
Soret band at 415 nm and Q bands at 478, 520 and
523 nm. The Pt-TPP metallation is confirmed by decreasing
of Soret band and Q bands as compared to TPP. The RGO/
Pt-TPP nanocomposite spectrum exhibits a Soret band at
414 nm and Q bands at 468, 519 and 554 nm."*”! The red-
shifting of the Soret band of RGO/Pt-TPP and decreasing
intensity compared with Pt-TPP confirm the strong interac-
tion between RGO and Pt-TPP.

The EIS plot shows two distinct regions: first, a semicir-
cle region for electron transfer resistance (R); second, a lin-
ear region for diffusion process. Figure 3(B) shows the EIS
spectra of bare GCE, GCE/GO, GCE/GO/Pt-TPP, GCE/
RGO and GCE/RGO/Pt-TPP in 5 mM [FeCNg]*™/
[FeCNg]*~ solution containing 0.05 M PBS (pH = 7) with
0.1 M KCI electrolyte. The frequency range was fixed at
100 mHz to 100 kHz applied for impedance analysis. The
R value of each modified electrode can be identified by
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FIGURE 3 (A) UV-visible spectra of (a) GO, (b) RGO, (c) Pt-TPP and (d)

RGO/Pt-TPP; inset (a') TPP. (B) EIS spectra of (a) bare GCE, (b) GCE/GO,
(¢) GCE/Pt-TPP, (d) GCE/RGO and (e¢) GCE/RGO/Pt-TPP in 0.1 M KCl
containing 5 mM [Fe(CN)e]> ™4~
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fitting the Nyquist plot with the Randle equivalent circuit
model (Figure 3B'). The bare GCE shows a large semicircle
with R, = 920 Q, attributed to poor electron conductivity.
Moreover, the GO-modified electrode shows a semicircle
with R, of 706 Q. On the other hand, GCE/Pt-TPP shows
a semicircle with lower R, of 285 Q compare to bare
GCE and GO. This confirms that Pt-TPP enhances the elec-
tron transfer kinetics. In addition, GCE/RGO exhibits a
small semicircle with R, of 191 Q due to the large surface
area increasing the electron transfer kinetics. Finally, GCE/
RGO/Pt-TPP exhibits a depressed semicircle with electron
transfer (R.) of 138 Q, lower than that of the aforemen-
tioned modified electrodes due to the lower electrode
resistance.

3.2 | Electrocatalytic oxidation at RGO/Pt-TPP
nanocomposite-modified electrode

3.2.1 | Electro-oxidation of hydrazine at differently modified
electrodes and for various concentrations

Figure 4(A) shows the cyclic voltammetry (CV) response for
the electrocatalytic oxidation of hydrazine at differently mod-
ified electrodes, namely bare GCE, GCE/RGO, GCE/Pt-TPP,
GCE/GO/Pt-TPP and GCE/RGO/Pt-TPP, in the presence of
200 pM hydrazine in nitrogen-saturated PBS (pH = 7) at a
scan rate of 50 mV s™'. The GCE/RGO/Pt-TPP modified
electrode was also investigated in the absence of hydrazine
in nitrogen-saturated PBS (pH = 7) at a scan rate of
50 mV s~'. The CV curves of bare GCE and GCE/RGO
show there is no response for the oxidation of hydrazine.
The CV responses for GCE/Pt-TPP and GCE/GO/Pt-TPP
exhibit hydrazine oxidation potential peak (E;) at around
0.06 and 0.17 V and peak current (I,) of 53.85 and
63.75 pA, respectively. The obtained CV curve of GCE/
RGO/Pt-TPP shows higher I, of 145.2 pA and lower E, of
—0.27 V. This reveals that GCE/RGO/Pt-TPP oxidizes hydra-
zine at a lower oxidation potential and higher oxidation peak
current than all the other modified electrodes. This is due to
the faster electron transfer kinetics owing to high surface area
of RGO and better electrocatalytic activity of Pt-TPP.
Fascinatingly, GCE/RGO/Pt-TPP acts as a better electrode
material for the electrocatalytic oxidation of hydrazine than
previously reported carbon nanomaterial-modified electrodes
(Table 1). Figure 4(B) shows the CV curves of RGO/Pt-TPP
nanocomposite-modified electrode for various concentrations
of hydrazine in nitrogen-saturated PBS (pH = 7). With
increasing concentration (0.5 to 5 pM) of hydrazine, the
oxidation peak current increases linearly. This indicates that
the modified electrode acts as a good electrode material for
the oxidation of hydrazine without any electrode fouling.

3.2.2 | Effect of pH and scan rate on oxidation of hydrazine

The pH of the electrolyte is one of the crucial parameters that
affect the electrocatalytic activity of hydrazine oxidation
especially the peak potential of hydrazine. Figure 5(A) shows
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FIGURE 4 (A) CV response of (a) bare GCE, (b) GCE/RGO, (c¢) GCE/Pt-
TPP, (d) GCE/GO/Pt-TPP and (f) GCE/RGO/Pt-TPP in presence of 200 pM
hydrazine and () GCE/RGO/Pt-TPP in absence of hydrazine in nitrogen-
saturated PBS (pH = 7) at a scan rate 50 mV s7h (B) CV response of RGO/
Pt-TPP nanocomposite at various concentrations of hydrazine in 0.05 M PBS
(pH = 7) at a scan rate 50 mV s

the CV curves for pH varying from 3 to 11 at the RGO/Pt-
TPP nanocomposite-modified electrode towards the oxida-
tion of hydrazine (200 pM). A negative shift of E, is
observed with increasing pH and the peak current also mark-
edly increases on varying the pH from 3 to 7 and thereafter
peak current decreases. These results are explained by the
fact that pK, of hydrazine is 7.9. However, when the electro-
lyte pH is close to pK,, hydrazine is in neutral form resulting
in its facile oxidation. Hence, this leads to an increase the
peak current of hydrazine at pH = 7. Figure 5(B) shows the
linear relationship between pH and E,. The obtained slope
value of 54 mV/pH is very close to that of the theoretical
Nernst equation which indicates that an equal number of pro-
tons and electrons transfer in the oxidation of hydrazine.
Moreover, Figure 5(C) shows that the RGO/Pt-TPP
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TABLE 1
composite with that of previously reported hydrazine sensors

Comparison of analytical performance of RGO/Pt-TPP nano-

Electrode material LOD (uM)* Linear range (uM) Ref.

Cu/Cu,0 CNc” 0.022 0.25-800 (48]
(FeTsPc)° 0.0076 0.1-3 v
ZnO/Au Nps* 0.018 0.05-5 149
Rutin film/MWCNT® 0.61 2.0-190 L
Hematoxyli/MWCNT 0.68 2.0-122.8 511
CeNps'/mesoporous carbon 0.012 0.04-192 521
Graphene nanoflakes 0.3 0.5-7.5 531
Zinc oxide nanonail 0.2 0.1-1.2 sl
(PANPs-EDAC"/GCE') 1.5 5-150 (541
PEG'/CdS Nps*//Au 0.061 0.1-1 (53]
electrode’
RGO™/Pt-TPP Nc" 0.005 0.013-232 This work

“Limit of detection.

"Carbon nanocomposite.

“Iron tetra-sulfonated phthalocyanine.
4Gold nanoparticles.
“Multiwalled carbon nanotube.
fCerium nanoparticles.
£Palladium nanoparticles.
"Ethylenediamine cellulose.
iGlassy carbon electrode.
JPoly(ethylene glycol).
¥Cadmium sulfide nanoparticle.
'Gold electrode.

™Reduced graphene oxide.

"Platinum tetraphenylporphyrin.

nanocomposite-modified electrode has the highest [, at
pH = 7; therefore we chose neutral pH (7) for all the electro-
chemical experiments.

Figure 6 shows the effect of scan rate on the RGO/Pt-
TPP nanocomposite-modified electrode in the presence of
200 pM hydrazine in PBS (pH = 7). The peak current
increases linearly with increasing scan rate (10 to
100 mV s™1). In addition, the anodic peak potential shifts
to a more positive value as scan rate is increased. The inset
of Figure 6 shows a plot of the square root of scan rate (v"/
%) against anodic peak current (Ip), exhibiting a linear rela-
tionship, indicating that the hydrazine oxidation reaction at
the RGO/Pt-TPP nanocomposite-modified electrode is a
diffusion-controlled electron transfer process. The corre-
sponding linear regression equation can be expressed as
I, = 287.5v"2-26.6 (where I, is in pA and v in V s7"),
for which R* = 0.9925. A plot (Figure S6) of anodic peak
potential E,, versus log v exhibits a linear relation. There-
fore, the electrocatalytic oxidation of hydrazine at the
RGO/Pt-TPP nanocomposite-modified electrode is an elec-
trochemically irreversible process. The corresponding linear
regression equation can be expressed as Ep, (V) = 0.115
log v + 0.3194. E,,, can be represented by a Tafel equation
based on the following:"®

(A)
114 3
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FIGURE 5 (A) CV response of RGO/Pt-TPP nanocomposite-modified

GCE in 200 pM hydrazine-containing solutions with various pH (3, 5, 7, 9
and 11) at a scan rate of 50 mV s~'. (B) Calibration plot for pH versus E,. (C)
Calibration plot for pH versus /,

pa ™

[ 2.303RT] logv + K )
(1—a)n,F

where R, T and F are constant values (R = 8.314 J K
U mol™, T'=298 K and F = 96 485 C mol™), a is
the electron transfer coefficient, n, is the number of elec-
tron transfers involved in the rate-determining step and K
is a constant. Furthermore, an electron transfer of the
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FIGURE 6 CV response of RGO/Pt-TPP nanocomposite-modified GCE in
PBS containing 200 pM hydrazine at various scan rates (10 to 100 mV s~ ).
Inset: calibration plot of square root of scan rate versus peak current

overall reaction was calculated using the following equa-
tion:

Iy = (2:99x10°)n[(1-a)n,] *ACoDY V' /> (2)

where A is the electrode area, Dy is the diffusion coeffi-
cient and Cy is the bulk concentration of hydrazine. Hence,
substituting all the values in equation 2, the value of n is
estimated to be 4. The oxidation of hydrazine at the
RGO/Pt-TPP nanocomposite-modified electrode involves
four electron transfers, which can be expressed as

N2H4—|—H20—>N2H3+H3O + e'(slow) (3)

N,H3+3H,0—-N,+3H50 + 3e'(fast) @)

Here, equation 3 is a slow, one-electron transfer and the
rate-determining step. The second step, equation 4, is a fast
three-electron transfer reaction. Thus, the overall hydrazine

electron transfer reaction can be summarized as follows:®”]

N,Hy +4H,0—N, +4H;0 + de” )

3.3 | Amperometric Determination of Hydrazine

The amperometric method is more sensitive, of higher
precision and involves lower background current than other
voltammetric methods.>®! A calibration curve was used for
determining the limit of detection (LOD), linear range and
sensitivity of the modified electrode. Figure 7(A) shows the
amperometric response of RGO/Pt-TPP nanocomposite-
modified rotating disc electrode upon each successive
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FIGURE 7  (A) Amperometric response (E,p, = —0.25 V) for oxidation of

hydrazine with various concentrations in PBS (pH = 7) at RGO/Pt-TPP
nanocomposite-modified electrode. (B) Peak current versus hydrazine
concentration

addition of various concentrations of hydrazine into continu-
ously stirred nitrogen-saturated PBS at a rotation speed of
2500 rpm and the applied potential being held at —0.25 V.
The sensor exhibits a sharp amperometric response for each
addition of hydrazine with regular time interval (50 s). The
steady-state current response of hydrazine is reached within
3 s at the RGO/Pt-TPP nanocomposite-modified electrode,
indicating a fast response of the oxidation of hydrazine.
Figure 7(B) shows the calibration plot between the hydrazine
concentration and current response. The corresponding linear
regression equation is expressed as I, (A) = 0.3024 X [hydra-
zine (UM)] + 0.1799. The sensitivity of the sensor is
estimated to be 1.44 pA pM~" cm™ from the slope values.
Moreover, the LOD is calculated to be 5 nM (LOD = 35b/S,
where Sb is the standard deviation of the signal and S the slope
value). Notably, the prepared sensor exhibits a linear response
from 13 nM to 232 pM. This indicates the outstanding electro-
catalytic oxidation of hydrazine at the RGO/Pt-TPP nanocom-
posite-modified electrode. In addition, based on the above
results we conclude that Pt-TPP plays a vital role for the oxi-
dation of hydrazine due to good electron transfer properties
and homogeneous electron-rich environment. Moreover, Pt-
TPP considerably reduces the overpotential of hydrazine
oxidation which is advantageous for avoiding interferences
and leading to less power consumption. In addition, the high
surface area of RGO provides more active sites for the interac-
tion with Pt-TPP, which makes the composite highly suitable
for electrocatalytic reaction. Also, the good synergic effect
between RGO and Pt-TPP plays a significant role in enhanc-
ing the electrocatalysis of hydrazine.*®*®! As a result, the per-
formance of the RGO/Pt-TPP nanocomposite sensor towards
hydrazine is significantly better than that of several previously
reported graphene nanocomposite-based modified electrodes.

3.4 | Interference and real sample analysis

The selectivity of the RGO/Pt-TPP nanocomposite-modified
electrode was investigated using the amperometric method.
Figure 8 shows the amperometric response of anions,
cations and biological molecules. It is very important to
evaluate the response of these kinds of interfering ions,
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FIGURE 8  Amperometric response (E,p, = —0.25 V) of hydrazine at RGO/

Pt-TPP nanocomposite-modified electrode in the presence of common
interference ions. (A) Addition of (a) 1 pM hydrazine and 500 pM addition of
anions (b) Br™, (¢) I, (d) CI", (e) NO;~ (f) F, (2) SO4~, (h) S,~, (i) HCO;™,
() HoPO,™, (k) SO527, (1) BrO5™; (B) cations (m) Cu*, (n) Zn>*, (0) Cr**,
(p) S©™*, (@) K*, (1) S, (s) Ti**, () Ba™*, (u) NH**, (v) Ca™, (w) Mg™",
(x) Zr**, (y) Hg**; (C) biological interference samples (b') dopamine, (c')
glucose, (d') fructose, (e') lactose, (f') arginine, (g') ascorbic acid

because they are commonly present in various types of con-
taminated water. The amperometric response of the RGO/
Pt-TPP nanocomposite-modified electrode was evaluated
for the addition of 1 pM hydrazine, addition of 500 pM

TABLE2 Determination of hydrazine in ground water samples using RGO/
Pt-TPP nanocomposite-modified GCE

Sample Added (upM)  Found (uM)  Recovery (%) RSD (%)*
River water 100, 200 103.2, 198.3 103.2, 99.1 3.43.7
Sea water 100, 200 101.5, 202.4 101.5, 101.2 2.82.6
Rain water 100, 200 101.5, 199.2 101.5, 99.6 3.22.9

“Relative standard deviation of three individual measurements.

anions and cations and addition of biological interferences.
The RGO/Pt-TPP nanocomposite-modified electrode exhibits
a good response only for each addition of hydrazine. Interest-
ingly, there is no response apparent even for 500-fold excess
addition of the common interfering ions. Therefore, the RGO/
Pt-TPP nanocomposite has excellent selectivity for the deter-
mination of hydrazine in the presence of common interfering
ions. The practicability of the modified sensor towards
determination of hydrazine in spiked water samples was
investigated (Table 2). The fabricated sensor acquires accept-
able recoveries from the various water samples, and it is evi-
dent that the RGO/Pt-TPP nanocomposite-modified electrode
has practical feasibility of the determination of hydrazine.

3.5 | Repeatability, reproducibility and stability studies

Repeatability, reproducibility and storage stability of the
proposed RGO/Pt-TPP nanocomposite-modified electrode
were investigated using CV in nitrogen-saturated PBS con-
taining 0.1 mM hydrazine at a scan rate 50 mV s~ '. The
proposed sensor material exhibits an acceptable repeatability
with relative standard deviation of 2.16% for 10 repeat mea-
surements examined using a single modified electrode
(Figure S7). Moreover, the sensor shows appreciable repro-
ducibility of 2.98% for six individual measurements carried
out using six individual modified electrodes (Figure S7).
The storage stability of the RGO/Pt-TPP nanocomposite-
modified electrode towards oxidation of 0.1 mM hydrazine
was monitored every day. The electrode was stored in PBS
(pH = 7) at 4 °C when not in use. Furthermore, during
the four-week storage period the modified electrode exhib-
ited good catalytic response towards the detection of hydra-
zine without any peak current and potential changes.
Remarkably, 96.62% of the initial peak current (I,) was
retained after continuous usage; this shows the good storage
stability of the proposed sensor (Figure S9). Figure 9 shows
the operational stability of the RGO/Pt-TPP nanocomposite-
modified electrode investigated using the amperometry
method. The stability study was carried out for up to
4000 s with the experimental conditions similar to those
described above. The sensor retains 97.6% of its initial cur-
rent response after a continuous run for up to 4000 s in

10pA

Current/ pA

T T Ll T L] | T
0 500 1000 1500 2000 2500 3000 3500 4000

FIGURE 9  Amperometric stability studies of RGO/Pt-TPP nanocomposite
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200 pM hydrazine-containing PBS. The results indicate the
excellent operational stability of the RGO/Pt-TPP
nanocomposite.

4 | CONCLUSIONS

In summary, we have successfully prepared a RGO/Pt-TPP
nanocomposite using noncovalent n—r interaction. The pre-
pared nanocomposite was confirmed using SEM and UV,
FT-IR and Raman spectroscopies. Electrochemical studies
were carried out using CV and the amperometric method.
The modified sensor exhibited a wide linear range from
13 nM to 232 pM with high sensitivity of 1.44 pA uM
! ¢m~? and LOD of 5 nM. Moreover, the sensor performed
well even in the presence of 500-fold excess concentration of
interfering molecules and ions. The practical feasibility of the
sensor was confirmed by determination of hydrazine in
ground water samples with good recoveries. The fabricated
sensor exhibited acceptable selectivity, stability, repeatability
and reproducibility. The excellent electrocatalytic activity of
the RGO/Pt-TPP nanocomposite means that it can be
explored as an outstanding electrode material for the
detection of hydrazine.
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