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Samarium oxide (Sm203), such as electrochemical sensors, is a promising material in various application pros-
pects and industries. Additionally, SmyO3 leverages electron transport capabilities, high electrical conductivity,
and thermal stability to develop an effective material in electrode modification for detecting hazardous pollut-
ants. Hydrazine and p-nitrophenol are compounds commonly used in producing insecticides, pesticides, phar-
maceuticals, and the chemical industry. However, these compounds can become hazardous environmental
pollutants and pose serious health risks to humans. Therefore, this research aims to examine the impact of
modifying gold electrode (GE) with SmyOs3; nanoparticles, characterizing the electrochemical results, and
assessing sensor performance through the use of the GE/Smy03 NP electrode. In this context, the purpose is to
detect hydrazine and p-nitrophenol through voltammetry, with analytical parameters including recovery,
repeatability, detection limit, quantification limit, and linear range. The results show that the synthesis of Sm03
nanoparticles and the performance of the sensor and analytical parameters of GE/Sm303 NP are carried out in
detecting hydrazine and p-nitrophenol using the Cyclic Voltammetry (CV) method. Furthermore, the significant
increase in the current response validates the improvement of GE conductivity as an electron transporter. The
sensor performance has been studied, and analytical parameters have been determined. For hydrazine and p-
nitrophenol, the values are recovery of 98.74 % and 99.01 %, repeatability of 99.42 % and 98.45 %, limit of
detection (LoD) of 0.4684 pM and 0.50332 pM, limit of quantification (LoQ) of 1.4194 pM and 1.5252 pM, and
linear concentration range for both analytes from 0.1 pM to 7 pM.

1. Introduction accuracy, low detection limits, and the use of fewer reagents compared

to chromatogram-based techniques [13,14]. Rare earth metal oxide

Samarium oxide (Smy03) is a rare earth metal oxide which has been
extensively studied in various branches of materials science due to its
unique properties and potential applications [1,2]. Sm2Os3 in nano size
holds promising prospects with potential applications in different fields
including solar cells, nanoelectronics, semiconductor gases, electro-
chemical sensors, and as highly active catalysts in some oxidation re-
actions [3,4]. Meanwhile, the development of electrochemical sensors
using nanotechnology has become an intriguing candidate for analysis
with increased sensitivity and stability [5-12]. This nanotechnology
material offers several advantages, such as rapid response, good porta-
bility, easy operation, excellent selectivity, efficiency, low cost, higher
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nanoparticles, particularly SmyO3, exhibit excellent electrical proper-
ties, increasing the suitability of developing new electrochemical sen-
sors with improved sensitivity and selectivity toward target molecules
[4,15]. The properties of nanomaterials are influenced by their size and
architecture, specifically the surface properties [16]. Higher surface/
volume ratio in nanomaterials offers advantages such as rapid reaction
kinetics and, resultantly, the materials become excellent candidates for
analytical detection [17].

In the synthesis process of Smy03, polyethylene glycol (PEG) can be
used as a template to form and determine the size of particle structure
pores, resulting in smaller, uniformly shaped, easily soluble, and
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biocompatible spherical nanoparticles [18,19]. The particle size of
nanoparticles will be reduced, and the distribution size will be homog-
enized due to the role of PEG in preventing agglomeration [18,20,21]. It
has been reported that PEG positively increases the crystal nucleation
rate and nanoparticle aggregation [22,23]. The properties of nano-
particles will determine the sensor resistance and thus shall be
controlled [6]. These Smy03 nanoparticles can leverage electron trans-
port capabilities, high electrical conductivity, and thermal stability to
develop an effective material in electrochemical sensors [24,25].

Hydrazine and nitroaromatic compounds are frequently used in the
chemical industry to produce insecticides, pesticides, and pharmaceu-
ticals. However, these compounds are highly stable nature and low
degradation efficiency pose serious health risks to humans. Hydrazine is
carcinogenic and harmful to aquatic ecosystems, while p-nitrophenol is
toxic to plants, animals, and humans, causing respiratory, liver, and
nervous system damage. Detecting these compounds is crucial to pre-
vent environmental contamination, protect human health, and ensure
effective industrial waste management [26,27]. The concentration of
these compounds in both industries, namely waste and environment,
should be controlled and monitored regularly.

Several analytical instrument methods can be used to detect hydra-
zine and p-nitrophenol, including colorimetry, X-rays, fluorescence
emission spectroscopy, inductively coupled plasma spectroscopy,
atomic absorption spectroscopy, mass spectroscopy, and chromatog-
raphy [26,28]. These methods efficiently detect both pollutants but
include complex functions, high processing costs, and require profes-
sional expertise for data analysis [29-31].

Several research projects have been conducted to measure a partic-
ular compound using an electrochemical sensor [32,33]. Nanoparticles
of diverse metal and metal oxide have been studied for sensing hydra-
zine using the electroanalytical method [34,35]. Metal nanoparticles,
either as electrodes or electrode modifications, have been explored to
overcome the slow detection of hydrazine and high overpotentials
[36,37]. Nanoparticle gold is the most explored electrode for electro-
chemical sensors, though it is expensive [34,37]. Other metals, such as
Zinc [36,38], Copper [39,40], and Silver [41] have also been explored,
with promising results.

Sm20s (samarium(IIl) oxide) stands out among other metals and
metal oxides for its unique properties that enhance its importance in
electrochemical applications. One of its key advantages is its superior
catalytic activity, enabled by the multiple oxidation states of samarium
(Sm®** and Sm2+), which facilitate efficient electron transfer during
redox reactions [42]. This makes Sm20s highly effective for detecting
compounds like hydrazine and p-nitrophenol at lower energy barriers
compared to materials like ZnO or TiO2 [43,44]. Additionally, Sm20s has
a strong affinity for functional groups such as amino (-NHz) and hy-
droxyl (-OH) groups, enabling selective interactions with target analytes
and reducing interference from other compounds in complex samples
[42]. This level of selectivity is often unmatched by other materials.

Another critical advantage is its exceptional chemical stability and
resistance to corrosion, making it durable in harsh environments, such
as highly acidic or basic conditions, where other oxides like Fez0s or
ZnO might degrade [45,46] This durability ensures the long-term us-
ability of Sm20s-modified electrodes in challenging applications, such as
industrial effluent monitoring or polluted water analysis. The unique 4f
electron configuration of samarium also plays a significant role in
enhancing its catalytic and electronic properties, giving it an edge over
transition metal oxides that lack this feature. Lastly, Sm=0s provides a
cost-effective alternative to noble metals like platinum or palladium.
While delivering comparable performance, its relative affordability and
sustainability make it an attractive choice for developing advanced
electrochemical sensors, particularly for environmental and industrial
monitoring [42,47,48].

The preliminary research determined the optimal conditions for
synthesizing SmyO3 nanoparticles with PEG as a template using the
hydrothermal method based on the Box-Behnken experimental design.
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The parameters influencing the synthesis process are mass of SmyOs,
reaction temperature, and time at low, medium, and high levels.
Furthermore, the hydrothermal process holds promising prospects and
advantages due to the economic nature, flexible reaction constraints,
and prospective ability for large-scale particle production [19,49].
Based on the background, SmyOs nanoparticles are applied under
optimal hydrothermal conditions using the Box-Behnken experimental
design to modify gold electrode (GE) as an electrochemical sensor for the
detection of hydrazine and p-nitrophenol through voltammetry. The
Smy03 nanoparticles-modified GE electrode is a promising candidate to
be applied for enhancing voltammetric sensing of hydrazine and p-
nitrophenol.

2. Experimental
2.1. Materials

The materials used include demineralized water, 65 % nitric acid
(HNOs, p.a Merck, Indonesia), acetone, butyl carbitol acetate (BCA)
(Merck, Indonesia), sodium hydroxide (NaOH, p.a Merck, Indonesia),
hydrazine (p.a Merck, Indonesia), phosphate buffer saline (PBS) pH 7.4
(p.a Merck, Indonesia), p-nitrophenol (p.a Merck, Indonesia), poly-
ethylene glycol 6000 (PEG-6000, p.a Sigma Aldrich, Indonesia), and
samarium oxide (Smy0Os3, 99,9 %) (p.a Sigma Aldrich, Indonesia).

2.2. Equipment

The equipment used comprises common glassware typically found in
the Chemistry Department Research Laboratory. Additionally, other
supporting equipment includes hydrothermal autoclave, gold working
electrode (GE) (GSI Technologies, USA), dry-type Ag/AgCl reference
electrode eDAQ, platinum wire counter electrode, Field Emission
Scanning Electron Microscope (FESEM) (Inspect F50 by FEI, USA), Field
Emission Transmission Electron Microscope — Energy Dispersive X-Ray
spectroscopy (FETE-EDX) (Tecnai G2 by FEI, USA), hot plate (IKA C-
MAG HS 7), magnetic stirrer (Eppendorf), analytical balance (Mettler
Toledo AL204), Metrohm® pAutolab potentiostat connected to a com-
puter using Nova 2.1 software, Tabletop Microscope (Hitachi SU3 500),
micropipette (Eppendorf), microtubes, micropipette tips, and X-Ray
Diffraction (D8 Advance by Bruker, USA).

2.3. Procedure
2.3.1. Preparation of pH 7.4 phosphate buffer saline (PBS) solution

A pH 7.4 PBS solution was prepared by dissolving 1 PBS tablet in 100
mL demineralized water and stirring until homogeneous. Furthermore,
the pH was adjusted by adding 0.1 M NaOH or HCI until reaching a pH of
7.4.
2.3.2. Synthesis of samarium oxide (Sm203) nanoparticles

i. Preparation of 0.9 mmol Smz03 0,9 Solution

Solid Sm»03 weighing 0.3138 g was placed in a 50 mL beaker glass.
Subsequently, 20 mL demineralized water was added, stirred with a
magnetic stirrer, and heated on a hot plate, resulting in a 0.9 mmol
Smy03 0.9 mmol.

ii. Melting of Polyethyeleneglycol-6000 (PEG-6000) Solid

PEG-6000, weighing 10 g, was placed in a 50 mL beaker glass and
heated on a hot plate for 20 min until the solid melted.

iii. Mixing Sm03 Solution with PEG-6000

Polyethylene glycol 6000 (PEG-6000) and samarium oxide (Sm3O3)
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solution as precursors were grown in situ. A 0.9 mmol solution of Sm,03
was added to the 10-g PEG-6000 which had been melted drop by drop,
stirred with a magnetic stirrer, and heated with a hot plate until both
mixtures dissolved completely before cooling at room temperature.

iv. Synthesis of SmyOs-coated PEG-6000 Nanoparticles by Autoclave
(Hydrothermal Method)

A mixture of Sm303 solution with PEG-6000 was transferred into the
autoclave Teflon at room temperature. The autoclave was put in the
oven to be heated at 180 °C and the synthesis time was 5 h until colloids
formed. The colloids in the heat-treated autoclave were cooled to room
temperature.

v. Filtration of Smy03 Deposits from Autoclave Synthesis

The mixture of SmyO3 solution with PEG-6000 synthesized via
autoclave was filtered using a Buchner funnel and a vacuum device.
Before screening, the filter paper used was weighed first and recorded in
mass. The resulting precipitate was washed several times using acetone
and ethanol to remove excess polymer.

vi. Filtration of SmyO3 Deposits from Autoclave Synthesis

The precipitate obtained from filtering with the Buchner funnel was
put into the oven for the drying process at 60 °C for 24 h. Subsequently,
Smy03 powder was obtained and crushed using a grinder and mortar.
The resulting powder was weighed and the yield mass obtained, the
latter of which was then characterized using an Scanning Electron Mi-
croscope (SEM).

2.3.3. Gold electrode (GE) modification with Sm203 nanoparticles

The synthesized Sm20O3 nanoparticles were used for GE modification
for hydrazine and p-nitrophenol detection. The first preparation with a
surface area of 2.85 mm? was cleaned using alumina slurry and washed
with demineralized water via sonication. After the electrode was dried
at room temperature, the GE surface was coated with SmyO3 nano-
particles using butyl carbitol acetate (BCA) as a binder. This drop-cast
electrode was dried at 60-65 °C for 3 h until a homogeneous and dry
nanoparticle layer was formed on the surface for electrochemical
characterization.

2.3.4. GE/Smz03 modified application test with cyclic voltammetry (CV)

In electrochemical measurements with cyclic voltammetry (CV), a
cell with three electrodes was used. Modified GE with Sm,O3 nano-
particles was employed as the working electrode, Ag/AgCl in KCl 1 M as
the reference/comparison electrode, and the Pt electrode as the counter/
auxiliary electrode.

GE before and after the modification was tested for electrochemical
properties in 0.1 M PBS (pH 7) with each analyte concentration (hy-
drazine and p-nitrophenol) at 2 Mm. This showed a potential range of
—1to1Vand —1to 2V for hydrazine and p-nitrophenol vs Ag/AgCl and
a scan rate of 0.06 V/s.

2.3.5. Scan rate variation in electrochemical properties analysis of GE/
Smy03 modified results for hydrazine and p-Nitrophenol detection

Scan rate variations were performed to investigate the electron
transfer mechanism for GE-modified Smy03 nanoparticles in the pres-
ence of hydrazine analyte and p-nitrophenol. Measurements were made
at different variations of 60-900 mV/s with analyte solutions (hydrazine
and p-nitrophenol), each at a concentration of 2 pM in PBS 0.1 M, pH 7.

2.3.6. Determination of linear calibration curve at GE/Sm03 electrode for
hydrazine and p-Nitrophenol detection

The determination of the linear calibration curve at the GE/Smy03
electrode was performed by varying the concentration of analytes
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(hydrazine and p-nitrophenol) at 0.1, 0.3, 0.5, 0.7, 0.9, 1.2, 1.5, and 1.7
pM in 0.1 M PBS solution, pH 7 with a potential range of —1 to1 Vand —
1 to 2 V for hydrazine and p-nitrophenol to Ag/AgCl and a scan rate of
0.06 V/s.

2.3.7. Analytical parameter determination of GE/Smz0s3 electrode sensor
for hydrazine and p-Nitrophenol detection

The determination of the detection limit of GE/SmyO3 was per-
formed by measuring the concentration providing a linear current,
where the measurement was carried out thrice. The regression plot of
the current response value versus the concentration of the two analytes
determined the regression equation and calculated the linear range of
measurement concentration, recovery, repeatability, limit of detection
(LoD), and limit of quantification (LoQ). The sensitivity of the developed
sensor was determined based on the slope of linear regression for hy-
drazine and p-nitrophenol.

2.3.8. GE/Smy0s electrode reproducibility determination for hydrazine and
p-Nitrophenol detection

Determination of GE/SmyOs3 electrode reproducibility was per-
formed in hydrazine and p-nitrophenol solutions at 1 pM 6 times in the
potential range of —1 to 1 V and — 1 to 2 V for hydrazine and p-nitro-
phenol, with a scan rate of 0.06 V/s.

3. Results and discussion

3.1. Synthesis and characterization of samarium oxide (Smz03)
nanoparticles

3.1.1. Synthesis of samarium oxide (Sm03) nanoparticles using
polyethylene Glycol-6000 (PEG-6000) template

The synthesis of SmyO3 nanoparticles was undertaken via the hy-
drothermal method using an autoclave (Fig. 1). The reactants were
heated in a closed container using a water medium, allowing pressure
and temperature to increase rapidly. The synthesis process was carried
out at optimum conditions based on the optimization of Box Behnken’s
experimental design.

The use of polyethylene glycol-6000 (PEG-6000) as a template in the
synthesis process was intended to maintain the size of SmyOs nano-
particles formed during the reaction inside the autoclave. PEG plays a
role in improving the stability of nanoparticles by binding oxygen atoms
from the PEG hydroxyl group to the surface of nanoparticles. The bond
formed is a coordination bond, in which the oxygen of the hydroxyl
group acts as an electron donor bonding to SmyOs.

PEG acts as a ligand capable of interacting with samarium atoms to
form complex compounds. The chemical structure contains oxygen
atoms that allow the ligands to bind to Sm®" ions and form a stable
complex. This phenomenon occurs because the surface of Smy0O3 has a
positive charge, and therefore colloidal stabilization occurs due to the
van der Waals force between the negatively charged oxygen in the PEG
molecular structure and the positively charged group surrounding the
surface of Smy0s. The interaction can maintain the stability of SmyO3
nanoparticles during the synthesis process.

The activity of the particles decreases significantly when PEG is
adsorbed by the surface of oxide particles, and the growth rate of col-
loids on certain surfaces becomes limited. Therefore, the addition of PEG
to the reaction system changes the kinetics of the growth process asso-
ciated with rapid nucleation and leads to the formation of nanoparticle
aggregation. As such, the spherical nanoparticles were used [19,54].

3.1.2. Characterization of samarium oxide (Smy0O3) nanoparticles with
scanning Electron microscope (SEM)

The synthesized Sm»O3 powder was characterized using Scanning
Electron Microscope (SEM) instruments to determine the surface
morphology and size of nanoparticles. The results of the characteriza-
tion of Smy03 nanoparticles are shown in Figs. 2 and 3.
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Fig. 1. Schematic illustration of Sm,03 and PEG interaction via hydrothermal synthesis for 5 h at 180 °C.

Sm203

Fig. 2. SEM characterization results of surface morphology and size of Sm,03
nanoparticles at 300 x magnification.

Based on Figs. 2 and 3, synthesized Sm3O3 nanoparticles show
spherical shapes. This morphological shape is very important because,
when not spherical, the possibility of contact with other nanoparticles
will be higher, causing the sample to be more easily aggregated. How-
ever, the particles are not evenly distributed, and the resulting shapes
vary in small and large sizes.

In addition to the surface morphological analysis of Sm20O3 nano-
particles, micrographs of SEM characterization results observed are
particle size scales (granules), as shown in Fig. 3. The size of Smy0O3
measured from the diameter distance between spherical shapes is 78.1
nm. The particle size is determined using ImageJ software to obtain N
amounts. The analysis is performed with a Gaussian method to obtain
the particle size value. In determining particle size, the average is also
calculated directly using the equation X xi/N, where xi is the data point.

Characterization of the SEM in Figs. 2 and 3 was accomplished using
a pre-set scale bar. The “Set Scale” information in the ImageJ software
was filled with the “Known distance” column for the scale bar indicated
in Figs. 1 and 2 as 30 and 20 pm, respectively. The “Unit of length” was
used to specify the unit of measurement in SEM images.

D7.9 x5.0k

Sm,0, NL 20 um
Fig. 3. SEM characterization results of surface morphology of Sm;O3 nano-
particles at 5000x magnification.

3.1.3. Characterization of samarium oxide (Smz03) nanoparticles with
transmission Electron microscope-energy dispersive X-ray spectroscopy
(TEM-EDX)

The surface morphology and size of SmyO3 nanoparticles can be
characterized using a Transmission Electron Microscope (TEM). The
sample preparation process for TEM includes steps to make the sample
very thin for the penetration of electrons. Subsequently, the sample was
placed on a TEM grid made of copper or carbon. TEM characterization
results of SmyO3 nanoparticles are shown in Fig. 4.

In addition, according to the Energy Dispersive X-Ray Spectroscopy
(EDX) results in Fig. 5, samarium and oxygen are present in the
elemental composition with weight percentages of 65.571 % and
34.429 %, and atomic percentages of 16.851 % and 83.149 %,
respectively.

3.1.4. Characterization of samarium oxide (Smy03)

3.1.4.1. Nanoparticles with X-Ray Diffraction (XRD). An X-Ray Diffrac-
tion (XRD) technique was used to investigate the crystal properties of the
Smy03 nanoparticles with Cu Ka (1 _ = 1.54 f\) radiation at the angles
ranging from 10 to 70° for 2. XRD characterization is used to determine
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0.2 um .
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Fig. 4. Characterization results of TEM surface morphology of Sm,0O3 nano-
particles at 5000x magnification.

the diffraction pattern, size, and crystal structure of SmyOs nano-
particles synthesized using PEG-6000 as a template. The characteriza-
tion results are shown in Fig. 6, indicating diffraction peaks
corresponding to SmpOs3 structure. The XRD pattern is analyzed using
X'Pert Highscore Plus software for additional information on the size
and crystal properties of the produced nanoparticles.

Based on the diffraction pattern in Fig. 5, SmyOs nanoparticles’
crystal structure is cubic, with peaks at 20 angles of 23.44°, 28.3°, 32.8°,
47°, and 55.8° (based on JCPDS PDF No. 741807), while the average
crystal size is determined to be 45 nm. Additionally, peaks at 19.11° and
23.44° are consistent with PEG diffraction pattern [55].

3.2. Modification of gold electrode (GE) with samarium oxide (SmzO3
NP)

3.2.1. Characterization of the surface of samarium oxide-modified GE
(GE/Smy03 NP) using scanning Electron microscope (SEM)

Gold electrode (GE) modified with Sm203 nanoparticles (GE/SmO3
NP was characterized using a Scanning Electron Microscope (SEM) to
understand the surface morphology using butyl carbitol acetate (BCA) as
a binding agent. Additionally, a comparison was made between bare GE
(before modification) and GE/Sm;03 NP, with the characterization re-
sults of bare GE and GE/Smy03 NP shown in Fig. 7.

Based on Fig. 7b, GE modified with Sm,O3 nanoparticles shows a
denser surface, with molecules covering the electrode surface, compared

Sensing and Bio-Sensing Research 47 (2025) 100745

to the pure GE in Fig. 7a. This shows the successful attachment of GE/
Smy03 to the GE surface for electrochemical characterization in the
application as a sensor. The modified electrode surface morphology
shows irregular shapes resembling aggregates of SmyO3 nanoparticles
with BCA binding agent.

3.2.2. Characterization of GE/Sm203 performance through
electrochemistry using cyclic voltammetry (CV)

Electrochemical characterization was conducted to understand the
impact of modifying gold electrode (GE) with Sm303 nanoparticles as a
sensor for the detection of hydrazine and p-nitrophenol. The electro-
chemical properties focus on the electrocatalysis of hydrazine and p-
nitrophenol through Cyclic Voltammetry (CV) analysis. The CV vol-
tammogram results of GE in 0.1 M phosphate buffer saline (PBS) at pH
7.4 are shown in Fig. 8.

Based on Fig. 8, pure GE (bare GE) does not show significant
oxidation or reduction signals in PBS pH 7.4 in the potential range of
—2.0Vto 1.0 V at a scan rate of 0.06 V/s. A very small oxidation signal is
observed at a current of 0.1533 pA. The significant current peaks with an
increase in CV analysis conditions for hydrazine detection in PBS solu-
tion are shown in Fig. 9.

Fig. 9 shows cyclic voltammograms under different conditions of GE
for the detection of 2 pM hydrazine in the potential range of —1.0 V to
1.0 V at a scan rate of 0.06 V/s. In the three conditions represented by
different colors, the highest current peaks indicate oxidation signals for
hydrazine. In detection with bare GE, shown by the light blue curve,
oxidation peak 1 (O1) is visible at a potential of 0.3187 V with a current
of 4.1250 pA. Meanwhile, oxidation peak 2 (02) is at a potential of
0.7226 V with a current of 10.8704 pA.

In Smy03-modified GE, represented by the dark red curve, there is an

550 4
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— | | 328
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Fig. 6. XRD characterization results of Sm,O3; nanoparticles (confirmed on
JCPDS PDF No. 741807).
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Fig. 5. EDX characterization results of elemental composition in Sm,03 nanoparticles.
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Fig. 7. SEM characterization of the surface of (a) bare GE and (b) GE/Sm303 NP.
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Fig. 8. Cyclic voltammogram for bare GE in 0.1 M PBS (pH 7.4), scan rate 0.06
V/s.
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Fig. 9. Comparison of cyclic voltammograms for bare GE, Sm;03-modified GE
(GE/Sm303), and nanoparticle-modified GE (GE/Sm3O3 NP) in the detection of
2 pM hydrazine (in 0.1 M PBS (pH 7.4)), scan rate 0.06 V/s.

increase in current at a potential of 0.7821 V with a peak of 23.1018 pA.
An increase is observed in nanoparticle-modified GE, shown by the dark
green curve, at a potential of 0.78125 V with a current of 28.4973 pA.
This shows the highest peak among the three electrode variations with
the same analyte concentration. Therefore, the modification of GE with
Smy03 nanoparticles can provide a larger current signal in hydrazine

detection.

Based on the study [26] regarding the hydrazine detection using
Gdp03-modified GE, a well-defined voltammetric signal is observed at a
potential of 0.68 V. Cyclic voltammogram for SmyO3 nanoparticle-
modified GE (GE/Smy03 NP) shows a reduction peak at a potential of
—0.7251 V with a current of —1.1407 pA. A similar cyclic voltammo-
gram for hydrazine detection is also shown by [56]. Electrochemical
characterization of various GE conditions for the p-nitrophenol analyte
in the PBS solution is investigated in Fig. 9.

Based on Fig. 10, cyclic voltammograms under different conditions
of GE for the detection of 2 pM p-nitrophenol show a significant increase
in current from bare to SmyO3-modified GE. In p-nitrophenol detection
with bare GE, indicated by the blue curve, a set of reversible redox peaks
occurs with oxidation and current peak at a potential of 1.2597 V and
7.2662 pA, respectively. Meanwhile, the reduction peak occurs at a
potential of 0.6494 V with a peak current of —1.6763 pA. There is an
increase in the peaks of oxidation and reduction of the Sm0O3-modified
GE, as indicated in the red-colored curve with reversible redox peaks.
The oxidation (0O1) and reduction (R1) peaks occur at 1.2212 V and
0.6494 V with a current of 15.6341 pA and — 2.7365 pA, respectively.
Other irreversible reduction peaks, namely R2 and R3, occur at a po-
tential of —0.4907 V and 0.6494 V with a current of —2.1420 pA and —
2.3352 pA. Subsequently, the highest peaks of oxidation and reduction
occur on GE modified with SmyO3 nanoparticles, as shown by the
purple-colored curve with reversible redox peaks. The oxidation and
reduction peaks occur at 1.2206 V and 0.6665 V with currents of
35.9863 pA and — 2.8170 pA. Other irreversible reduction peaks,
namely R2 and R3, occur at a potential of —0.5493 V and 0.6665 V with
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Fig. 10. Comparison of cyclic voltammograms for bare GE, Sm,0O3-modified GE
(GE/Sm503), and nanoparticle-modified GE (GE/Sm,03 NP) in the detection of
2 uM p-nitrophenol (in 0.1 M PBS (pH 7.4)).
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a current of —2.2345 pA and — 2.8170 pA, respectively.

The results reported that p-nitrophenol has shown three electro-
chemical responses with two subsequent processes, including reduction
and redox couple progression. This occurs due to the two-electron
reduction-oxidation reaction in 4-aminophenol. Meanwhile, the reduc-
tion peak is associated with the formation of a hydroxylamine group
from the nitro group in p-nitrophenol.

With Smy0O3 nanoparticles as a modifier for GE, a significant increase
in peak current for each analyte has been observed. This verifies the
utility of the formed nanoparticles for electroanalytical purposes. The
increase in peak current is attributed to the enhanced electrode con-
ductivity resulting from the surface functionalization of GE using
Smy03. The formed Sm,03 nanoparticles have the potential to modify
electrochemical sensor electrodes as efficient electron transporters for
the electrocatalysis of hydrazine and p-nitrophenol.

The active surface area is also found to increase from 11.55 to 14.82
cm? after the nanoparticles’ modification, which will lead to an
enhancing of GE conductivity and serve as an efficient electron trans-
porter for the electrocatalysis of hydrazine and p-nitrophenol.

3.3. Mechanism of measuring hydrazine and p-Nitrophenol by
voltammetry

Based on the mechanism in Fig. 10, cyclic voltammetry (CV)
response explains that the hydrazine oxidation process includes two
electron changes indicating the existence of electrocatalytic activity
between gold electrode (GE) modified Smy03 GE/Sm203 and hydrazine
in the phosphate buffer saline (PBS) solution pH 7.4. Indeed, p-nitro-
phenol analyte has a nitro and hydroxyl group that can be reduced and
oxidized. The irreversible and reversible reactions in the detection of p-
nitrophenol include the gain and exchange of four and two electrons.
Furthermore, the irreversible reduction process is characterized by the
formation of 4-hydroxyaminophenol, and two paired redox peaks indi-
cate the oxidation of 4-hydroxyaminophenol to 4-nitrosophenol. The
number of electrons included in the reaction (n) for hydrazine and p-
nitrophenol is calculated based on the following Randles-Sevcik Eq.
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[57]:
. 5y 3,11
ip = (2.69 x 10°)n2AD2v2C €))

where n = equivalent number of electrons exchanged during the redox
process,A = active surface area of the working electrode (cm?).C = bulk
hydrazine concentration (mol/crna).D = diffusion coefficient (cmz/s).v
= scan rate voltage (scan rate) (V).

In addition, based on this equation and various scan rate CV mea-
surement the active surface area was also found to increase from 2.85 to
3.66 mm? after the nanoparticles modification which will affect to
enhancing GE conductivity and serving as an efficient electron trans-
porter for the electrocatalysis of hydrazine and p-nitrophenol.

3.4. Analysis of scan rate variations in Voltammetric measurements of
hydrazine and p-Nitrophenol

Scan rate variations were applied to investigate the electron transfer
mechanism in gold electrode (GE) modified by samarium oxide (Sm303)
nanoparticles for the detection of hydrazine and p-nitrophenol. Cyclic
voltammograms with varying scan rates on hydrazine and p-nitrophenol
are shown in Figs. 12a and b.

The voltammogram in Fig. 11. shows an increase in peak current
response by varying the scan rate from 0.06 V/s to 0.48 V/s and 0.06 V/s
to 0.96 V/s for 2 uM hydrazine and p-nitrophenol 2 pM since the reac-
tion is controlled by mass transfer. This is related to the important role of
the larger surface area of Smy0O3 nanoparticles, which contributes to
increasing more efficient electron transfer in achieving catalytic per-
formance for the analyte’s hydrazine and p-nitrophenol. The increase in
peak current and scan rate indicates the electrocatalytic reaction of
hydrazine and p-nitrophenol on the modified GE surface. This variation
is mainly caused by surface adsorption and diffusion processes on the
surface layer of the modified electrode.

At lower scan rates, the diffusion process occurs relatively, and the
analyte adsorption occurs at a slower rate during the mass transfer
process. In contrast, at higher scan rates, the diffusion step becomes the
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Fig. 11. Schematic illustration of hydrazine and p-nitrophenol detection via voltammetry using an electrode modified by Sm,03 nanoparticles with the binding
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dominant factor in controlling the electrode reaction rate in the presence
of external agents. In p-nitrophenol measurements, the reduction pro-
cess and the redox couple exhibit a significant increase in the current
response as a function of the scan rate.

The hydrazine measurements show that the oxidation is controlled
mainly by the diffusion process on the GE surface modified with SmyO3
nanoparticles. Based on the voltammogram of hydrazine measurements
in Fig. 12a, the overpotential in the catalytic oxidation of hydrazine
increases with the scan rate, indicating that there is a kinetic limitation
in the reaction between the GE/Smy03 NP redox site and hydrazine.
Therefore, the entire electrochemical reaction can be controlled by mass
transfer and charge transfer kinetics.

3.5. Determination of analytical parameters

In this research, analytical parameters were determined by devel-
oping a calibration curve to determine the linearity, detection limit,
recovery and repeatability of gold electrode (GE) modified samarium
oxide (Smp03) GE/Sm30O3 nanoparticles in the detection of the two
analytes, namely hydrazine, and p-nitrophenol. A calibration curve was
created by varying the concentration of both analytes by 0, 0.1, 0.3, 0.5,
0.7, 0.9, 1.1, 1.3, 1.5, and 1.7 pM. The peak current response was
measured using CV over a potential range of —1.0 Vto 1.0 Vand — 1.0 V
to 2.0 V for hydrazine and p-nitrophenol with a scan rate of 0.06 V/s.
Measurements were carried out three times for each concentration and
the voltammogram results of the variation in concentrations are shown
in Figs. 13a and b.

Based on the cyclic voltammogram illustrated in Fig. 13, the peak
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Fig. 12. Cyclic voltammogram of GE/Sm;03 NPs for detection of (a) 2 pM
hydrazine at scan rate variations of 0.06 V/s to 0.48 V/s and (b) 2 uM p-
nitrophenol at 0.06 V scan rate variations/s to 0.96 V/s in 0.1 M PBS (pH 7.4).
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Fig. 13. Cyclic voltammogram of GE/Sm;O3 NP for detection at various con-
centrations (0.1; 0.3; 0.5; 0.7; 0.9; 1.1; 1.3; 1.5; and 1.7 pM) (a) hydrazine in
the potential range of —1.0 V to 1.0 V and (b) p-nitrophenol in the potential
range of —1.0 V to 2.0 V (in 0.1 M PBS (pH 7.4)).

current response in the detection of hydrazine and p-nitrophenol with
varying concentrations has shown a linear increase across a sufficiently
wide concentration range. The resulting peak current increases with the
concentration due to the oxidation or reduction of numerous hydrazine
and p-nitrophenol analyte ions on the GE working electrode modified
with SmyO3 nanoparticles. This is consistent with the Rendless-Sevcik
equation, indicating that the current is directly proportional to the an-
alyte. The mechanism of electron transfer leads to a diffusion current
where the magnitude is proportional to the analyte concentration.
Subsequently, this concentration variation voltammogram is plotted
against the current difference to develop a calibration curve (shown in
Fig. 14 for hydrazine and Fig. 15 for p-nitrophenol).

The obtained calibration curve can be used for linear testing to
determine the working area of the measurement and the sensitivity of
GE modified with SmyO3 nanoparticles.

This research obtains a calibration curve with a linear area in the
concentration range of 0.1 pM to 1.7 uM. The calibration curve in Fig. 14
also shows the regression equation for hydrazine detection as y =
5.6585x -+ 10.57 with correlation (R) and determination (R%) co-
efficients of 0.9989 and 0.9980, respectively.

Furthermore, 10.57 represents the intercept (a), indicating the
impact of the matrix, and a larger value shows a greater impact of the
matrix on concentration measurements. Meanwhile, the 5.6585 repre-
sents the slope (b), reflecting the sensitivity of the method, namely the
impact of changes in concentration on the resulting response, while a
higher value shows greater sensitivity of the method. The line on the
calibration curve represents a linear relationship in the data distribution
between hydrazine concentration and current response. The generated
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Fig. 15. The calibration curve of p-nitrophenol detection with varying con-
centrations (0.1, 0.3, 0.5, 0.7, 0.9, 1.1, 1.3, 1.5, and 1.7 pM) within the po-
tential range of —1.0 V to 1.0 V and a scan rate of 0.06 V/s in 0.1 M PBS
(pH 7.4).

regression model is valid and achieves an ideal linear relationship when
the correlation coefficient (R) approaches 1 or > 0.996. The correlation
coefficient (R) in hydrazine detection is close to 1, specifically 0.9989,
since the regression model is valid and has achieved an ideal linear
relationship. Furthermore, the calibration curve can be used to calculate
limit of detection (LoD) and limit of quantification (LoQ) by using the
equation (LoD) = 3o/slope and (LoQ) = 10c/slope, where ¢ is the
standard deviation for the particular system [20]. LoD and LoQ for hy-
drazine detection using GE/SmyO3 NP are 0.4684 yM and 1.4194 pM,
respectively. Based on the results, the values obtained are quite good,
with a lower LoD for hydrazine measurement compared to [26] which
used GdO3 in GE modification with LoD of 0.704 uM.

According to the regression equation, calculations can also be per-
formed to determine recovery and repeatability. Recovery refers to the
closeness of the current response from the analysis to the true values.
This variable is determined by comparing the average measured con-
centrations with the true values. Meanwhile, repeatability is the close-
ness of the current response from one analysis to another during
repeated measurements. The variable is measured as the variation co-
efficient, where a smaller standard deviation indicates a higher value.
Recovery and repeatability of hydrazine detection are obtained through
six measurements using a concentration of 0.1 pM at 98.74 % and 99.42
%. The obtained recovery and repeatability values show the closeness of
the current response to variations in hydrazine concentration with the
true values. In this context, the six times repetition of measurements is
intended to minimize errors.

Based on Fig. 15, the calibration curve of p-nitrophenol detection is
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obtained with a linear area in the concentration range of 0.1 pM to 1.7
uM. The regression equation is y = 9.3679x + 18.809 with correlation
(R) and determination (R%) coefficients of 0.9993 and 0.9987. The
generated regression model is valid and has achieved an ideal linear
relationship with the correlation coefficient (R) approaching 1. The
intercept (a) and slope (b) values obtained are 18.809 and 9.3679,
indicating the sensitivity of the developed sensor. LoD and LoQ for p-
nitrophenol detection using GE/Sm03 NP are 0.5033 pM and 1.5252
pM, respectively. Based on the results, the values obtained are fairly
good, with a lower LoD for p-nitrophenol measurement compared to
[26], which used Gd203 in GE modification with LoD of 1.527 uM. (See
Table 1).

The determination of recovery and repeatability values for p-nitro-
phenol detection is obtained through six measurements using a p-
nitrophenol concentration of 0.1 pM, resulting in 99.01 % and 98.45 %.
The results obtained show the closeness of the current response to var-
iations in p-nitrophenol concentration with the true values.

Moreover, repeatability and reproducibility of the SmyO3
nanoparticles-modified GE electrochemical sensors were also tested in a
real water sample for the further confirmation of the developed sensor.
Based on Fig. 16, the obtained relative standard (RSD) figures of peak
currents are found to be 3.3 % and 3.2 % for p-nitrophenol detection,
which shows a good repeatability and reproducibility for the modified
electrode.

4. Conclusion

In conclusion, GE/Smy03 NPs constitutes a promising candidate to
be applied as an electrochemical sensor for the detection of hydrazine
and p-nitrophenol due to its good recovery (98.74 and 99.01 %) and
repeatability (99.42 and 98.45 %) for hydrazine and p-nitrophenol
detection, respectively. These recovery rates suggest the sensor’s
excellent accuracy, meaning it can reliably measure hydrazine and p-
nitrophenol concentrations in real-world samples. Its detection limit
(LoD) was also found to be low at 0.4684 pM and 0.5033 pM at a con-
centration range of 0.1 to 1.7 pM for hydrazine and p-nitrophenol
detection, respectively. Additionally, the GE’s analytical parameter,
such as reproducibility, was also tested in the real sample, which further
shows a good result in terms of obtained RSD and recovery number.
These results highlight the sensor’s sensitivity and accuracy, making it
suitable for detecting low concentrations of pollutants in environmental
applications. The low LoD and LoQ are particularly important for early
detection of contaminants, contributing to more effective pollution
monitoring. This development provides valuable insight into the po-
tential of Sm20s-based sensors for improving environmental protection
and monitoring practices.

Table 1
Research on electrochemical detection for hydrazine and p-nitrophenol.
Electrode Analyte Detection Reference
limit (pM)
Gold electrode/Gadolinium oxide Hydrazine and 0.704 and [26]
nanoparticles p-nitrophenol 1.527
Gold electrode/Zink oxide Hydrazine 2.2 [501
Carbon Ceramic Electrode/Nickel Hydrazine 2.98 [51]
hexacyanoferrate
Glassy Carbon Electrode/Carbon Hydrazine 20 [52]
Nanotubes
Carbon Paste Electrode/Copper .
tetraphenylporphyrin onto Hydrazine and 1 [53]

. . -nitrophenol
zeolites cavity P P

Gold Electrode/Samarium oxide
nanoparticles

0.4684 and This
0.5033 research

Hydrazine and
p-nitrophenol
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Fig. 16. Cyclic voltammogram of GE/Sm3O3 NP for p-nitrophenol detection at
concentration of 1 pM in the potential range of —1.0 V to 2.0 V on Day 0 (A) and
Day 7 (B) (in 0.1 M PBS (pH 7.4)).
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