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ABSTRACT

In this work, we report the eco-friendly synthesis and fabrication of a
zinc oxide-manganese dioxide (ZnO-MnO:) nanocomposite using
Pithecellobium dulce fruit juice extract as a natural reducing and
stabilizing agent. The nanocomposite was prepared through a simple and
cost-effective hydrothermal method, followed by calcinations at high
temperature to enhance crystallinity.The structural and morphological
properties of the synthesized material were characterized using Fourier-
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD),
scanning electron microscopy (SEM), and energy-dispersive X-ray
spectroscopy (EDX). These analyses confirmed the formation of well-
dispersed ZnO and MnO: nanoparticles with uniform morphology and
high surface area. Electrochemical studies were performed using cyclic
voltammetry (CV) and amperometry in phosphate buffer solution (PBS,
pH 7.4). The ZnO-MnO: modified electrode exhibited excellent electro
catalytic activity towards hydrazine oxidation, showing a notable
reduction in over potential and a significant increase in oxidation current
compared to bare and individually modified electrodes. This enhanced
performance is attributed to the synergistic interaction between ZnO and
MnO:, which facilitates rapid electron transfer and provides more active
sites for hydrazine adsorption and oxidation. The developed sensor
demonstrated a wide linear detection range (10 uM to 700 uM), a low
detection limit (2.87 nM), high sensitivity (0.376 pA pM™), and excellent
repeatability and reproducibility. Moreover, the electrode showed
outstanding selectivity for hydrazine even in the presence of common
interfering substances. Stability tests confirmed consistent performance
over multiple cycles and extended storage periods.

©2025 The authors
This is an Open Access article

1. INTRODUCTION:

Hydrazine (N:Hs) is a low molecular weight
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inorganic compound known for its high toxicity
and strong reducing properties. It is extensively
used in various industrial applications, including
fuel cells, pharmaceuticals, agrochemicals, and
polymer synthesis 4. However, due to its toxic and
carcinogenic nature, even trace amounts of
hydrazine pose serious risks to both human health
and the environment>®, The United States
Environmental Protection Agency (EPA) has
classified hydrazine as a probable human
carcinogen 7. Therefore, the development of
sensitive, selective, and reliable methods for
hydrazine detection is critically important 8. Among
various analytical techniques, electrochemical
sensing has emerged as a promising approach for
hydrazine detection due to its simplicity, cost-
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effectiveness, high sensitivity, and real-time
monitoring capability ®'2. The performance of an
electrochemical sensor is highly dependent on the
electrode material used !3.Nanostructure metal
oxide materials such as zinc oxide (ZnO) and
manganese dioxide (MnO2) have attracted
significant attention as electrode modifiers because
of their excellent catalytic properties, high surface
area, and good electron transfer kinetics 4. ZnO, a
wide band gap semiconductor, exhibits strong
adsorption capacity and rapid electron transfer
capabilities, enhancing its electro catalytic activity
15 Similarly, MnO. is known for its multiple
oxidation states and high redox activity, making it
highly effective for catalytic oxidation reactions
such as hydrazine detection. The combination of
ZnO and MnO: in a nanocomposite form is
expected to synergistically enhance sensitivity,
selectivity, and reduce the detection limit of the
hydrazine sensor 6. The present study focuses on
the eco-friendly synthesis and evaluation of
Zn0O/MnO: nanocomposite-modified glassy carbon
electrodes (GCEs) for electrochemical hydrazine

sensing. The influence of these metal oxide
nonmaterial’s on  sensor  performance is
systematically investigated to explore their
potential in real-world applications such as

environmental, food, and industrial monitoring *’.
As an effective reducing agent, hydrazine is widely
employed in fuel cells, pharmaceutical synthesis,
agricultural formulations, and polymer production
1819 However, its trace presence in the
environment can lead to significant safety
concerns. Thus, the rapid, sensitive, and selective
detection of hydrazine is essential for protecting
human health and the ecosystem 20
Electrochemical ~ detection  techniques  are
particularly appealing due to their portability,
affordability, and real-time monitoring capabilities.
The key challenge lies in selecting an electrode
material that exhibits high catalytic activity,
efficient electron transfer, and resistance to fouling.
In this context, ZnO/MnO. modified GCEs
represent a promising and efficient platform for
hydrazine detection %22,

2.0 Experimental Section:

2.1Chemicals and Reagents:

Zinc chloride (ZnClz) was purchased from Thomas
Baker Chemicals Pvt. Ltd. Manganese (I1) chloride
tetra hydrate (MnCl.-4H-0) was obtained from
Merck Life Science Pvt. Ltd. Hydrazine hydrate
(N2Ha-H:0, 80%) was supplied by S.D. Fine Chem.
Ltd. Potassium ferrocyanide (K4[Fe(CN)s)),
potassium chloride (KCI), and phosphate buffer
components (NaH.POs+ and Na:HPO.) were
procured from Fisher Scientific. All chemicals
were of analytical grade and used without further
purification. Deionized water was used for the
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The Pithecellobium dulce fruit was collected from
Kodi Muddanahalli, Murarji Desai Residential PU
College, Tumkur District, Karnataka, India.

2.2 Preparation of Pithecellobium dulce Extract
Fresh, ripe Pithecellobium dulce fruit peels were
manually separated from the seeds and dried under
shade for one week. The dried peels were then
ground into a fine powder using a mortar and
pestle. About 12 grams of the powder were
dissolved in 100 ml of deionized water and boiled
for 1 hour at 60°C. The resulting mixture was
filtered using Whatman filter paper, and the filtrate
was stored at 4°C for further use as a natural
reducing and stabilizing agent.

2.3 Synthesis of ZnO/MnO: Nanocomposite

The ZnO/MnO: nanocomposite was synthesized
via a hydrothermal method. initially 0.44 g of
ZnClz was dissolved in 50 mL of deionized water,
and 0.4 g of MnCl2-4H20 was dissolved in 50 ml
D.l water seperately. Both solutions were mixed in
an Erlenmeyer flask and stirred magnetically for 20
minutes. Then, 60 mL of the prepared
Pithecellobium dulce extract was added to the
mixture, and stirring continued for an additional 30
minutes. Subsequently, 2 M NaOH was added
dropwise until the pH of the solution reached
approximately 10. The mixture was then subjected
to hydrothermal treatment by heating at 85 °C for
4.5 hours. A brownish precipitate was formed,
which was collected by centrifugation and washed
thoroughly with ethanol followed by deionized
water to remove impurities.The precipitate was
dried at 80°C overnight and then calcined at
400°C for 3.5 hours to obtain crystalline
ZnO/MnO: nanoparticles.

Graphical abstract:-

Fig.1 Shows the graphical
ZnO/MnO; Nanocomposite.

abstract of synthesis of

3.0 Materials Characterization:

Fourier-transform infrared spectroscopy (FT-IR;
PerkinElmer) was used to analyze the functional
groups present in the synthesized nanocomposite.
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The spectra were recorded in the range of 400-
4000cm™ using KBr as a dispersing
medium.Powder X-ray diffraction (XRD) patterns
were obtained wusing an X'Pert Explorer
PANalytical diffractometer equipped with CuKau
radiation (A = 1.5406 nm), operated at 40 kV and
35mA. This analysis was conducted to determine
the crystalline phases and structural features of the
ZnO/MnO: nanocomposite.The surface
morphology of the synthesized ZnO/MnO:
nanoparticles was examined using field-emission
scanning electron microscopy (FE-SEM; JSM-
7600F, Japan). Elemental composition and
mapping were carried out using energy-dispersive
X-ray spectroscopy (EDS; JEOL, Japan).Further
structural evaluation at the nanoscale was
performed by transmission electron microscopy
(TEM; JEM-2100F, Japan). TEM samples were
prepared by dispersing the nanoparticles in ethanol,
followed by ultrasonication. A drop of the
suspension was placed on a carbon-coated copper
grid and dried at room temperature before imaging.

3.1 Electrode Fabrication and Electrochemical
Evaluation:

A glassy carbon electrode (GCE, diameter
0.071 cm?) was used as the base for sensor
fabrication. The electrode surface was polished
sequentially with alumina slurries of 1.0 um,
0.3 um, and 0.05 pm, followed by thorough rinsing
with ethanol and deionized water. The cleaned
electrode was dried under a nitrogen stream.A
dispersion of ZnO/MnO: nanocomposite was
prepared by mixing 2 mg of the powder in 2 mL of
deionized water containing 0.1% Nafion (used as a
binder). The mixture was ultrasonicated for 30
minutes to obtain a stable suspension. An aliquot of
4 uLL of this suspension was drop-cast onto the
surface of the pre-treated GCE and allowed to dry
at room temperature, forming the modified
electrode (ZnO/MnO./GCE).

3.2 Electrochemical Analysis:

Electrochemical measurements were carried out
using a CHIB155E electrochemical workstation
(CH Instruments, USA) employing a standard
three-electrode configuration: the ZnO/MnO:-
modified GCE as the working electrode, an
Ag/AgCl (1M KCI) reference electrode, and a
platinum wire as the counter electrode.All
electrochemical experiments were conducted in
0.1 M phosphate buffer solution (PBS) at pH 7.4,
maintained at room temperature. Cyclic
voltammetry (CV) was performed in the potential
range of —1.0 V to +1.0 V at various scan rates to
evaluate the redox behavior and electrocatalytic
activity. Amperometric detection of hydrazine was
conducted by stepwise addition of hydrazine
(ranging from 20uM to 400uM) into a
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continuously stirred PBS solution, with the
working electrode poised at an applied potential of
+0.48 V. The resulting current responses were
recorded to evaluate the sensitivity and linear
response range of the sensor.

4.0 RESULTS AND DISCUSSION:

4.1 Materials Characterization FT-IR and
XRDAnalysis:

Fourier-transform infrared (FTIR) spectroscopy
was used to investigate the structural and functional
groups present in the synthesized nanocomposite
within the spectral range of 4004000 cm™ using.
The FTIR spectra of ZnO/MnO: nanocomposites
are shown in Fig(2).The Characteristic absorption
bands observed at 530 cm™ and 700 cm™
correspond to the stretching vibrations of Zn-O,
Mn-0O, respectively and the peak at 3200-3500
cm™ for the stretching vibration of O-H in water
and peak at 1500 em™ and 3000 em™ is the
stretching vibration of C-O 2, all these confirming
the formation of the metal oxide nanocomposite .

The crystallographic structure of the ZnO/MnO-
nanocomposite was analyzed using XRD The
diffraction pattern, shown in Fig(3), exhibits highly
intense and sharp peaks at 20 values of 31.76°,
34.11°, 39.42°, 47.51°, 56.55°, 62.84°, 67.90°,
69.84°, 76.86°, 82.11°, and 88.55°, corresponding
to the (100), (002), (101), (102), (110), (103),
(112), (201), (202) ,(104) and (203) diffraction
planes respectively. These values closely match the
standard diffraction data from JCPDS card No. 01-
078-4498 [24] confirming the presence of
crystalline ZnO and MnO: composite nano material
has cubic and hexagonal crystal shape.

The calculated average crystallite size of the nano
composite was determined using the Debye-
Scherrer equation:

D = KA/BcosO
A (1.54 A°) > wavelength of X-ray incident beam

B > full width at half maximum of the diffraction
of peak .

©->Bragg’s diffraction angle

K(0.91)-> Scherer’s constant

Using this formula, the average crystallite size was
estimated to be 0.419 nm.
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Fig.2 Shows the FTIR spectra of ZnO/MnO, NPs.
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Fig.3 shows the Powder XRD of ZnO/MnO; NPs.

SEM with EDAX and TEM Analysis:

FE-SEM is the prominent method to study The
morphology of synthesized material. ZnO/MnO-
nanocomposite was observed using field-emission
scanning electron microscopy (FE-SEM, JSM-
7600F, Japan). Fig.4 (a-c) shows the SEM image,
which reveals that the nanoparticles are uniformly
distributed with a relatively porous and
agglomerated surface structure, suitable for
electrochemical applications due to the enhanced
surface area.The corresponding energy-dispersive
X-ray spectroscopy (EDS) analysis, shown in Fig.4
(d), confirms the presence of elemental Zn, Mn,
and O in the composite with small amount of
Carbon as impurity, it indicating successful
synthesis and purity of the ZnO/MnO:
nanocomposite.

Transmission electron microscopy further revealed
the detailed internal structure and particle
morphology of the nanocomposite. The image
shown in Fig. (5) demonstrates the crystalline
nature of the ZnO/MnO: nanoparticles with an
interplanar spacing of approximately 0.219 nm,
supporting the XRD results. The particles exhibited
mixed cubic and hexagonal shapes, confirming the
formation of a composite structure.
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Fig.4.FESEM images of ZnO/MnO; nanomaterials(A-C) low
to high magnified images and (d) represents the EDAX of
ZnO/MnO; nanoparticles With elemental analysis.
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Fig.5.HR-TEM images of ZnO/MnQO, nanomaterials(A-D)

different magnified images and of ZnO/MnO,
nanoparticles.
4.2 Electrochemical Behavior of

ZnO/MnO./GCE Modified Electrodes

Cyclic voltammetry (CV) studies were conducted
to investigate the electrocatalytic performance of
the  modified electrodes  using  various
configurations, bare GCE, ZnO/GCE, MnO»/GCE,
and ZnO/MnO2/GCE, both in the absence and
presence of hydrazine. Measurements were carried
out in 0.1 M phosphate buffer solution (PBS
0.1M,pH 7.4).In the Absence of HydrazineAs
shown in Fig. (6), the CV responses of the
electrodes in PBS without hydrazine exhibited
minimal or no anodic peak current, especially for
the bare GCE and slightly modified electrodes.
This indicates that the electrode materials
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themselves have negligible redox activity in the
absence of the analyte.similarly in the Presence of
0.1M PBS P" 7.4 upon the addition of hydrazine
(10 pM), significant changes were observed Fig.
(7) the bare GCE showed no distinct oxidation
peak, indicating poor electrocatalytic activity.The
ZnO/GCE and MnO-:/GCE exhibited notable
oxidation peaks at approximately +0.48V potential
range with anodic peak currents (Ipa) of 25.02 nA
and 15.72 pA, respectively.The ZnO/MnO./GCE
displayed a highly enhanced and sharper oxidation
peak at 32.91V, with a significantly higher Ipa of
7.91 nA.This considerable enhancement in the
anodic peak current for ZnO/MnO»/GCE suggests
improved electron transfer Kkinetics and an
increased number of active sites, attributed to the
synergistic effect between ZnO and MnO: in the
composite. The porous morphology and high
surface area also contribute to the increased
electrocatalytic response.

ZnO/MnO2/GCE

Bare GCE

Current(nA)

02 04 06
Potential(V)
Fig.6.Shows Graph of Bare GCE and ZnO/MnO; modified

GCE in 0.1M PBS ( P"7.4)at scan rate of S0mvmvs™.
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0.1M PBS( P"7.4)at a scan rate of 50 mvs™'.
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Fig.9(A)cyclic voltammograms of modified ZnO/MnO,
GCE measurement in 0.1IM PBS (P" 7.4) for 10uM
Hydrazine for different scan rate 20 to 120 mvs™.(B) plot
of peak current v/s (Scanarate)?
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Fig 11.(A)Amperometric i-t response of ZnO/MnO, modified
GCE during successive injection of 5uM to 90 pM of
hydrazine at applied Potential of +0.48V 0.1M PBS(P"7.4)
(B) plot of peak current v/s concentration.

However by measuring CV responses for
ZnO/MnO; modified GCE under different scan
rates condition in the range 50 mvsfig.9(A)
shows linear alignment of oxidation peak of
hydrazine with (10puM) each other with a constant
potential .Further the oxidation the plot of
oxidation peak current (ipa) V/s (scan rate)?
fig.9(B) shows linear relationship between them .it
is expressed by regression
equation.Ipa(nA)=(49.53) 2 (mvsh+ 4.777 with
correlation co efficient (R?=0.99709).this declares
that obtained oxidation peak associated for
hydrazine (50uM) for ZnO/MnO,/GCE modified is
typically diffusion controlled electrode Kinetics.
Comparision  of electro chemical oxidation
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pathway of hydrazine for modified electrodes has
been previously reported.The following equations
reveals that electrode reactions involved with 4
electron transfer ,at the last step gives N> gas.
NoH4+H,0 > NoH3+H30"+ e’(slow step)
N,H3+3H,0 -->N,+3H,0 +3e(fast Step)
N,H4+4H,0-->N,+4H,0+4¢e (over all reaction)

It reveals slow step (1 electron)process is rate
determining step followed step is 3 electron process
with the nitrogen gas liberated as a product.

4.3 Amperometric Determination of hydrazine
at ZnO/MnO: modified GCE.

In comparision with other voltametric technique
amperometric measurement of i-t response at a one
particular fixed potential give more sensitive and
trustworthy data on sensor performance .Fig.11(A)
shows detection of hydrazine by ZnO/MnO>
modified GCE via amperometry measurement at a
potential 0.48 V v/s Ag/AgCl during continuous
additions from 20puM to 400 uM of PBS(0.1M) at
PH 7.4 .it reveals that upon sequential progressive
addition of hydrazine for varies time intervals
(50sec to 800sec)at constant potential a typical
amperometric behavior was developed on the
surface of the ZnO/MnO; modified GCE with
successive increase in the oxidation current.The
modified  ZnO/MnO,/GCE  gives effective
hydrazine detection <5 sec response time for every
injection of 20 pM hydrazine .it shows modified
electrode reached its steady state of oxidation .No
drift in current response was observed throughout
the measurement from lower concentration to
higher concentration (20 pM to 400 uM).it
demonstrates that modified ZnO/MnO,/GCE has a
good sensitivity and The current response for
remains stable without any tendency to fluctuate
for poisoning effect .Further fig 11(B). shows that
calibration curve obtained for the oxidation current
v/s hydrazine concentration. The amperometric
current exhibit linear correlation to hydrazine
concentration 20 pM-320 uM with R?>=0.9982

This can be described in equation(1) follows
I(nA)=0.02679 [Hydrazine]+1.584  ----- 2>

By utilizing the slope of the calibration curve
0.02679 pA pM?!' and surface area of
electrode(0.071), current sensor sensitivity was
calculated as 0.376 pA uM it is obtained by
Sensitivity =Slope / surface area of electrode .

The limit of detection (LOD) can be calculated by
applying the equation (2)

LOD=36 2>(2)

o=standard deviation calculated for 7 amperometric
current measurement for fixed concentration was
found to be 2.87 uM
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4.4 Table 1.Shows Comparitive study of modified sensor performance with previously reported sensor

electrodes.
Electro chemical sensor Method Linear range(uM) | Limit of detection(LOD) SerllsitivitypAp Reference
M M

NG-PVP/AuNps /SPCE AMP 2-300 5)1.107) 1.370 25
ZNO/nafion /Au AMP 0.8-200 0.25 0.51 26
Au Nps /GPE AMP 25-100 3.07 - 27
Pd/C Nanofibers AMP - 29 -- 28
PdNps-EDAC/GCE DPV 5-150 L5 0.218 29
NG-PVP/Au Nps /SPCE SWV 2-300 0.07 1.370 30
ZnO nano rods AMP 0.071 0.07 9.46 31
MWCNT and Chloregenic acid AMP - 8.0 0.0041 32
ZnO/1l/Au AMP 0.06-425 0.066 1.6 33
ZnO/MnO,/GCE AMP 10-700 2.87 0.376 Present work
Sensing mechanism and its role of ZnO/MnO: 2]

during the sensing process: 201

Comparison of most of the previously described s

electrochemical sensors for the determination of L

hydrazine is listed in Table () based mainly on '

ZnO/MnO: composite materials. The currently 1.;1'4_
proposed ZnO/MnO: GCE showed improved g”'

sensitivity, low detection limit, wide range, and 54

good stability. Especially, the current modified o8]

ZnO/MnO2/GCE signifies enhanced sensitivity 067

compared to other various modified electrodes of 047

0.2182°,1.370%, and 0.0041%. By considering LOD,
it also shows a lower LOD in comparison to
8.0(32) and also comparable LOD to the already
reported data using 2.9,

4.5 Selectivity, repeatability, reproducibility of
newly developed sensor:

For the application of electrochemical sensors,
examination of sensor selectivity, operational
stability, reproducibility, and repeatability is highly
essential. Fig (12) shows certain metal anion
species and bioactive molecules as common
interfering species. Initially, the sensing of
hydrazine was performed wusing ZnO/MnO:-
modified GCE with interfering species in
continuously stirred 0.1 M PBS at pH 7.4 with 10
UM  hydrazine concentration. The modified
electrode only recorded the regular addition of
hydrazine and showed no significant recording of
individual concentrations of 100 UM metal ions and
bioactive molecules. The notable amperometric
responses were obtained only for hydrazine, and no
significant response was observed for any
interfering species. The result of this interfering test
justifies the good selectivity behavior of the
proposed modified sensor on the surface of GCE.

1243
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Fig.12 .The selectivity test of ZnO/MnO,/GCE upon the
addition of hydrazine (0.05mM)and interfering species
KCI,NiNO3,MgSO,, Glucose,dopamine,Hydrazine,H,0,
,(0.1mM) at 0.1M PBS (pH=7.4),at applied potential+0.46V.

The operational stability, repeatability, and
reproducibility of the ZnO/MnO: electrode were
further investigated. Hydrazine sensing with the
concentration of 10 UM using five various modified
electrodes gives a relative standard deviation
(RSD) of ~3.5%, signifying excellent electrode
reproducibility.

Repeatability tests were conducted by performing
10 regular cycle runs in 10 uM hydrazine
concentration, and the acquired RSD was less than
5%. Continuous analysis of ZnO/MnO.-modified
GCE for an hour with the same hydrazine solution
concluded that the (i-t) characteristic remains
>95% of the initial current. Additionally, there is
no decrease in sensitivity after being stored for over
a month. This illustrates that the present modified
sensor holds unique characteristic features for long-
term stability and consistency.

4.6 Application in Real Sample Analysis:-

In order to verify the proposed method for the
hydrazine sensing in practical application, real
sample analysis was conducted by using tap water
and bore well water by considering the standard
addition method. Drinking water (surface and
groundwater) may be contaminated by hydrazine
from industrial wastewater treatment plant
effluents. In general, hydrazine can be formed as a
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by-product due to the conventional chlorination
process, which usually applied in the wastewater
treatment plant 3. Therefore, the determination of
hydrazine in drinking water is certainly important
concerning human health and the environment.
Here, three different hydrazine concentrations were
added separately to the tap water and borewell
water samples in 0.1 M PBS with P 7.4 analyzed

DolI-10.004687/1000-9035.2025.165

in amperometric technique at +0.48 V applied
potential using the current fabricated electrode. The
real sample analytical results are Mentioned in
Table 2. The results showed the acceptable
recovery of hydrazine in real sample analysis,
which signifies that the current sensor electrode is
an excellent candidate for hydrazine determination
in practical applications.

Table 2 Determination of hydrazine in tap water and Bore-well water samples by the standard addition method.

Samples Sample code Added(uM ) Found(uM ) Recovery (%)
Tap water A 20 20.19 100.95
Bore-well B 40 40.25 100.62
Cc 60 59.54 99.23
A 20 18.95 94.75
Water B 40 40.29 100.72
C 60 61.46 102.43
50 CONCLUSION: 4 Zhao's; Wang, L; Wang, T Han, Q; Xu, S. A high
In summary, a newly constructed hydrazine + Zhao, S, Wang, L; Wang, T.; Han, Q. Xu, S. A high-

electrochemical sensor was developed through the
hydrothermal method. Due to the collaborative
electrocatalytic effect of both metal oxides, the
presently proposed ZnO/MnO:-modified GCE-
based sensor shows reinforced achievement toward
the detection of hydrazine compared with bare
GCE or pure ZnO or MnO:, and other modified
electrodes that have been reported earlier.Under
optimum conditions, hydrazine was detected at
different concentration ranges (20 pM-800uM)
with high sensitivity 0.376 pA uM™ and a lower
detection limit of 2.87uM. The amperometric
analysis disclosed that the currently recommended
hydrazine sensor established a very fast (<5 s)
response with excellent long-term operational
stability and repeatability. Furthermore, superior
selectivity for the detection of hydrazine was
achieved as proven by amperometric runs in the
presence of higher concentrations of different
interfering competing species. These analytical
results mentioned on the synthesis, modification,
and operation of the hydrazine electrochemical
sensor shows that the binary composite metal oxide
facilitates the construction of high-performance
sensor devices.
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