Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Green Synthesis of Silver Nanoparticles-Coated
Chitosan Modified Screen Printed Carbon Electrode
and Its Application to The Simultaneous
Determination of Cd and Cu by Cyclic Voltammetry

Rachmin Munadi

rachminmunadi . dpkRPuim—makassar.ac.id

Islamic University of Makassar

Abdul Wahid Wahab
Hasanuddin University

Abdul Karim
Hasanuddin University

Fatimah Fatimah
STIKES Panrita Husada

Research Article

Keywords: AgNPs, Chitosan, Cadmium, Copper, SPCE, Cyclic Voltammetry
Posted Date: April 10th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-8947871/v1

License: © ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Additional Declarations: No competing interests reported.


https://doi.org/10.21203/rs.3.rs-8947871/v1
https://doi.org/10.21203/rs.3.rs-8947871/v1
https://doi.org/10.21203/rs.3.rs-8947871/v1
https://creativecommons.org/licenses/by/4.0/

Green Synthesis of Silver Nanoparticles-Coated
Chitosan Modified Screen Printed Carbon Electrode
and Its Application to The Simultaneous Determination
of Cd and Cu by Cyclic Voltammetry

Rachmin Munadi**, Abdul Wahid Wahab?, Abdul Karim?, Fatimah Fatimah?

Rachmin Munadi
rachmin.munadi@gmail.com 1 Department of Chemistry, Islamic University of Makassar,
Makassar, South Sulawesi, 90245, Indonesia

Abdul Wahid Wahab
wahidwahab@unhas.ac.id 2 Department of Chemistry, Hasanuddin University, Makassar, South
Sulawesi, 90245, Indonesia

Abdul Karim

Karimkimia@yahoo.com 3 Department of Medical Laboratory Technology, STIKES Panrita
Husada, Bulukumba, South Sulawesi, 90245, Indonesia

Fatimah

imadzakwan02 @gmail.com

(*Corresponding author’s e-mail: rachminmunadi.dpk@uim-makassar.ac.id)

Abstract

Modification of the Screen Printed Carbon Electrode (SPCE) using silver nanoparticles-coated with
chitosan (AgNPs-Chi) was performed for the simultaneous determination of Cd and Cu using the cyclic
voltametry method. The study aims to synthesize AgNPs in a green manner and modify carbon screen-
printed electrodes as sensors for Cd and Cu detection. AgNPs are synthesized using an eco-friendly
reducing agent from the water extract of red ginger leaves (Zingiber officinale Rosc. var Rubrum). The
formation of AgNPs-Chi was visually confirmed by a color change from yellow to brownish-yellow and
validated by UV-Visible spectroscopy, which showed a surface plasmon resonance band at 432.5-452.5
nm, which remained stable during the 7-day incubation period. AgNPs-Chi particles have a face-centered
cubic shape, an average size of 118 nm, and are well distributed, with a polydispersity index of 0.410. EDX
analysis confirmed silver (46.9%) as the dominant element, with several other components, including
carbon, oxygen, and nitrogen. The FTIR spectrum confirms the successful integration of chitosan onto the
surface of AgNPs. AgNPs-Chi has the potential to be developed as an SPCE modifier for the simultaneous
determination of Cd and Cu, providing simple, fast, accurate, and sensitive results using cyclic
voltammetry. The detection limits for Cu and Cd were 9.48 ppm and 6.97 ppm, respectively. The
sensitivities are 0.25 pAppm-1mm-2 and 0.34 pAppm-1mm-2, respectively. The accuracy is 150.2% and
101.8%, respectively. These findings show that cyclic voltammetry using SPCE/AgNPs-Chi for Cu
determination is more sensitive and accurate than Cd.
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1. Introduction

Today, the alarming presence of heavy metals in the environment stems primarily from industrial
activities—unlike organic pollutants, they are not biodegradable. Metals such as cadmium pose significant
threats due to their high toxicity, whereas copper is vital for physiological processes but is harmful at
excessive levels [1]. Therefore, fast, sensitive analytical methods to monitor these ions are needed [2,3].
Traditional techniques, including electrothermal atomic absorption spectrometry (EAAS), flame atomic
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absorption spectrometry (FAAS), inductively coupled plasma mass spectrometry (ICP-MS), and
inductively coupled plasma (ICP), offer reliability in heavy metal detection [4], but these methods require
lengthy analysis, specialized users, and limit portability. Electrochemical techniques, in contrast, are
affordable, easy to use, and yield sensitive results quickly with less and smaller equipment [5].

The electrochemical method using voltammetric techniques is a promising alternative for detecting
cadmium (Cd) and copper (Cu) in water samples due to its excellent sensitivity, relatively low cost, and
short analysis time [6]. Voltammetry measures electrical current as it changes with applied voltage,
enabling metal detection. Electrode modification materials, substances added to electrodes to improve their
performance, can enhance sensor sensitivity, selectivity, and reusability, drawing researchers' attention.
Silver nanoparticles (AgNPs) are key in developing electrochemical sensors. These nanoparticles have
optical (interact with light), catalytic (speed up chemical reactions), magnetic, mechanical, and electronic
properties, making them useful as sensor materials [7]. AgNPs improve conductivity (facilitating electron
flow) and provide more active sites for electron transfer [8]. Their catalytic properties assist oxidation (loss
of electrons) and reduction (gain of electrons) reactions [9], increasing selectivity in sensors [7]. Silver
nanoparticles are highly sensitive to heavy metals, particularly mercury [10,11].

This study used silver nanoparticles synthesized using red ginger leaf extract (Zingiber officinale
Rosc. var Rubrum) as a reducing and stabilizing agent. Zingiber officinale Rosc. var Rubrum was chosen
in this study because it is rich in flavonoid compounds, tannins, terpenoids, and saponins and has strong
antioxidant activity (Munadi et al, 2023). Plant extracts contain hydroxyl groups of secondary metabolite
compounds such as anthocyanins, flavonoids, polyphenols, carboxylic acids, terpenoids, alkaloids,
phenolic acids, proteins, and effective sugars as reducing and covering agents [12,13,14]. Among the plant
extracts that have been reported as reducing and covering agents include Centella Asiatica [15,16],
Chromolaena odorata [17], Camellia sinensis [18,19], Clitoria ternatea [13], P. longifolia [20], Lavandula
stoechas [21], Equisetum diffusum [22], Salvia tiliifolia [23], Rosmarinus officinalis [24], Olea europaeca
[25], and Coffea canephora [26]. One-step in situ functionalization of AgNPs with phytochemicals
promotes their interaction and sensing ability [22]. The hydroxyl and carboxylate groups of secondary
metabolites limit particle aggregation at the initial stage [24,25]. The presence of metabolite compounds
ensures the electrostatic stability of AgNPs through steric effects [24].

Modifications of AgNPs have been reported to improve the performance of carbon-printed
electrodes [28], screen-printed carbon electrodes [29], and graphene electrodes [6] for detecting cadmium
contamination at low concentrations. AgNPs-based sensor modifications are suitable for a wide range of
analyses [8]. Electrochemical studies revealed that functionalizing AgNPs with 4-mercaptobenzoic acid
improved the detection sensitivity of Cu 2+ voltammetry, with a detection limit of 0.08 nM [30]. Cyclic
voltammetry modification of rGO-AgNPs enables the sensing of Cd and Cu over a wide concentration
range, with low detection limits, high selectivity, and fast response times [31]. Modification of graphite
electrodes with AgNPs-Graphene nanoplates increased the sensitivity of Cd and Cu detection by square
wave anodic stripping voltammetry (SWASV) with detection limits of 5.0 and 4.1 ng/L, respectively. Some
results from this study suggest that silver nanoparticles can be used as supporting nanomaterials in Cd and
Cu metal sensors [6].

Incorporating AgNPs (silver nanoparticles) into sensing platforms enhances sensitivity and catalytic
performance by increasing active surface area, providing more functional sites for adsorption, and
accelerating electron transfer, thereby improving the electrochemical oxidation of target molecules [24].
Modifying cadmium and copper sensors with AgNPs is advantageous, as AgNPs can be synthesized from
cost-effective silver nitrate precursors, unlike those required for gold and platinum nanoparticles [9,12].
However, large-scale synthesis may cause AgNPs to agglomerate, reducing homogeneity and stability [7],
which affects surface area and catalytic activity. Capping agents—chemicals derived from amphiphilic
molecules with polar (water-attracting) and nonpolar (water-repelling) groups—are therefore required [32,
33, 34# bookmark54]. The polar group bonds to AgNPs, while the nonpolar group interacts with the
electrolyte, improving nanoparticle compatibility and preventing agglomeration [7].

The method to overcome agglomeration through capping agents is to use a reducer mediated by
plant extracts. Various plant extracts have been reported for this purpose. Green synthesis and stabilization
methods using extracts of natural ingredients produce AgNPs with electrochemical activity [25]. AgNPs



produced via green synthesis using natural ingredient extracts exhibit high selectivity for Cd ions and
excellent sensitivity, with fast response and detection limits at the part-per-million level [22]. Capping
agents can affect detection sensitivity and are key to metal ion detection [35].

AgNPs are functionalized with chitosan capping agents to improve sensitivity for electrochemical
sensing applications. Chitosan is a compatible and biodegradable biomaterial [36, 37]. Chitosan is highly
stable, selective for heavy metals, and is a good film-forming biopolymer [37]. At low pH, chitosan can
facilitate the protonation of amino groups [36], making it possible to interact with silver nanoparticles and
various ligands to develop sensor materials [36, 37, 38]. Chitosan matrices can improve selectivity [39, 40,
41], sensitivity, reproducibility, stability, electron transmission rate [37,38,39,40,41,42], and reuse as
electrochemical sensors [37].

Modification of silver nanoparticles with ligands, such as polymers such as chitosan, can serve as a
stabilizer, affect particle aggregation in an analyte solution (sensor aggregation) [43, 44], and prevent
further oxidation of silver to silver oxide [45]. In addition to stabilizing, chitosan-functionalized AgNPs
can also be used as sensors for Hg2+ metal ions [46]. Research conducted by [47] using a Screen Printed
Carbon Electrode (SPCE) modified with silver/chitosan/carbon nanotube nanoparticles to detect Hg(II) by
cyclic voltammetry (CV) yields a linear range of 1.0 nM - 12.6 nM and a detection limit of 0.4 nM. [48]
also used carbon glassy electrodes modified with silver/chitosan nanoparticles to detect As(IIl) by
differential pulse anodic stripping voltammetry (DPASV), achieving a detection limit of 11.39 pM. In this
study, AgNPs-Chi was used to modify SPCE for the determination of Cd and Cu by CV, a previously
unreported method. The CV method is by far the most widely used technique, providing important physical
and chemical features, such as redox reactions on the electrode surface, reaction reversibility, insight into
reaction mechanisms, kinetics, and adsorption process [47, 49, 50]. Inspired by the good properties of green
synthetic silver nanoparticles, the great features of screen printing technology, and the advantages of
electrochemical sensing methods in heavy metal analysis, we report, for the first time, the determination
of Cu and Cd using chitosan-coated silver nanoparticle-based screen-printing electrodes by Cyclic
Voltammetry.

2. Materials and Methods
2.1 Materials

The plant material used in this study is fresh red ginger leaves (Zingiber officinale Rosc. var.
rubrum) collected from the Makassar Traditional Health Center, Indonesia. Other ingredients are AgNO3
(99.8% purity), purchased from Merck; 2% acetic acid, chitosan (Sigma-Aldrich, deacetylation degree >
70%); CH3COONa.3H20 (Merck); Cd(NO3)2.4H20 (Merck); Cu (NO3)2.3H20 (Merck); Whatmann
filter paper No. 42; and aluminum foil, double distilled water (Water One). The instruments used in this
investigation were analytical scales (Acculab), pH meters (Hanna Instruments HI9813-6), laboratory-
standard glassware (Pyrex), heat plates, magnetic stirrers, and freeze-dryers (Buchi 190). The Metrohm
Screen Printing Carbon Electrode (DRP-C110-U75) is used in conjunction with the DropSens pStat 400
Potentiostat (DropSens, Spain), which is equipped with the DropView 8400 software for data collection
and analysis.

2.2 Red Ginger Leaf Water Extract Preparation

The part of the plant used for the synthesis process is the red ginger leaf (Fig. 1). Red ginger leaves
are harvested in quantities of up to 200 g, thoroughly washed with double-distilled water, and then dried.
Once dry, finely chop, weighed to the nearest 5 g, and then brought to a boil in a 250 mL beaker with 100
mL of aquabides, weight ratio of ginger leaves: water (1: 20). After that, the mixture is left to boil for
fifteen minutes to maximize the extraction process which can increase the release of bioactive compounds
from within the red ginger leaves. Fifteen minutes is considered sufficient to extract phytochemicals from
the leaves. Extraction time is too long, which can damage polyphenols and flavonoids in the leaves; if it is
too short, the extraction process is suboptimal. This synthesis procedure is in accordance with that carried
out by [50], who synthesized silver nanoparticles from bay leaf extract. Whatman paper No. 42 is used to
filter the leaf extract solution after it reaches room temperature. The leaf extract solution can be stored in
the refrigerator when not in use or immediately used for the synthesis process.



Fig. 1. Red ginger leaf

2.3 Synthesis of Silver Nanoparticles-Coated Chitosan (AgNPs-Chi)

Mix up to 1 mL of red ginger leaf decoction into 90 mL of a 1 mM AgNO3 (Merck) solution
(ratio of extract : AgNO3 (1 : 90), stir for 2 hours at room temperature, and observe the solution turn
brownish-yellow. The discoloration indicates that silver nanoparticles have formed. A total of 20 mL of
the synthesized silver nanoparticles was added to a 0.6 mL 1% chitosan solution in a beaker, and the
mixture was stirred for 2 hours with a magnetic stirrer. AgNPs-Chi solutions are characterized using an
Ultraviolet -Visible (UV-Vis) Spectrophotometer and PSA. For characterization by FTIR, XRD, and SEM-
EDX, the solution is first dried in a freeze dryer at -53°C and 0.8 Mbar.

2.4 Characterization of AgNPs-Chi

The success of synthesized silver nanoparticles (AgNPs-Chi) was determined by characterization
using the Visible UV Spectrophotometer (Shimadzu UV-2600), Particle Size Analyzer (PSA) Horiba SZ-
100, Fourier Transform Infrared (FTIR) Shimadzu 820 IPC, X-ray Diffraction (XRD) Shimadzu 7000,
Scanning Electron Microscopy (SEM) Tescan Vega, and Energy-Dispersive X-ray from the Oxford
Instrument (EDX). AgNPs-Chi solutions were characterized using UV-Visible and PSA
spectrophotometers, while for characterization by FTIR, XRD, and SEM-EDX, AgNPs-Chi solutions were
first dried in a freeze dryer at -53 °C and 0.8 mbar [47]. Characterization using UV-Vis spectrophotometers
over 400-700 nm to determine if there is an uptake in the wavelength region characteristic of silver
nanoparticles. In addition, UV-Vis spectrophotometry was used to assess the nanoparticles' stability over
7 days. Furthermore, characterization was performed using PSA at 25° and 90° to determine the particle
size and distribution of the resulting AgNPs-Chi. Furthermore, AgNPs-Chi was analyzed by FTIR over
4000-500 cm-1 to identify functional groups that play an important role in nanoparticle formation. Further
characterization used XRD with Cu Ka radiation and a range of 26 (35° to 80°), to investigate the
crystallinity of AgNPs-Chi. The crystal size of AgNPs-Chi was determined using the Debye-Scherrer
equation [50]. The equation can be seen in Eq. (1) as follows:

D = k1 ()
Bcos6

Where D represents the average size of the crystallite particle , A represents the X-ray wavelength of

0.154 nm, 0 is the Bragg angle, B is the maximum half-width (FWHM), and k = 0.9 represents the form



factor. Furthermore, to determine the surface morphology and elemental composition of AgNPs-Chi,
characterization was carried out using SEM-EDX at an Acceleration Voltage of 10 kV and a
Magnification of 5000x. The process of synthesis and characterization of AgNPs-Chi is shown
schematically in Fig 2.
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Fig 2. Schematic illustration of the synthesis and characterization of AgNPs-Chi

2.5 Fabrication of Sensor

The SPCE/AgNPs-Chi working electrode is prepared by the drop-casting method: 3 drops of
AgNPs-Chi solution are dropped onto the SPCE surface, then dried in the oven for 30 minutes at 50 0C.
Furthermore, the electrodes are ready for analysis. Before use for analysis, SPCE/AgNPs-Chi is rinsed
with aquaabides. SPCE without AgNPs-Chi is used as a bare electrode (unmodified electrode). The
modified electrodes have been rinsed with aquabidest and stored in a dry, sealed container (a dark bottle)
to maintain their stability. With proper storage, the electrode will remain stable, preventing oxidation,
aggregation, and degradation of the AgNPs-Chi capping layer, thereby maintaining the electrode's catalytic
performance [51].

2.6 Electrochemical Measurements for Cd and Cu

Electrochemical measurements for the Cd metal sensor were performed using cyclic voltammetry
(CV) with the DropSens pStat 400 Potentiostat (DropSens, Spain) and the DropView 8400 software for
data collection. The electrode used is SPCE/AgNPs-Chi (DRP-C110-U75) from Metrohm, which consists
of a working electrode and an auxiliary electrode, both carbon, and a reference electrode (Ag/AgCl). The
electrochemical treatment of SPCE/AgNPs-Chi was carried out in an acetate buffer solution of 0.1 M, pH
4.5, and a Cd metal solution in a potential range of +0.15 V to -1.1 V, while Cu metal was in a potential
range of +1 V to -1 V, with a scan rate of 50 mV/s. CV measurements in Cd metal at a scan rate variation
of 40-160 mV/s and a variation in Cd metal concentration at 10-150 ppm. Meanwhile, CV measurements
were performed on Cu metal at scan rates of 60-160 mV/s and Cu metal concentrations of 10-125 ppm.
The calibration curve is obtained by relating the metal concentration to the peak current. Sensitivity and
detection limits are determined from the linear range of each electrode's calibration curve. Measurements
were also made on samples of artificial waste.



2.7 Solution Preparation

A 1% chitosan solution is prepared by weighing 0.5 g of chitosan powder, placing it in a beaker,
and dissolving it in 30 mL of 2% acetic acid with a magnetic stirrer. Once dissolved, the chitosan solution
is put into a 50 mL measuring flask. The volume of the solution is sufficient for a 2% acetic acid solution
to the limit line. A 0.1 M pH 4.5 acetate buffer solution is prepared by mixing the corresponding volumes
of acu-molar (0.1 M) CH3COONa and CH3COOH solutions in deionized water, and adjusting the pH to
4.5 using 0.1 M HCI and NaOH solutions. A 1000 ppm Cd parent solution is made by carefully weighing
2.74 g of Cd(NO3) 2 - 4H20, dissolving it in aquabida, and diluting to 1 L. Next, dilutions were performed
to obtain standard solutions at 10 ppm, 25 ppm, 50 ppm, 75 ppm, 100 ppm, 125 ppm, and 150 ppm in 0.1
M acetate buffer, pH 4.5. A 1000 ppm master solution is prepared by carefully weighing 3.81 g of Cu(NO3)
2 - 3H20, dissolving it in double-distilled water, and diluting to 1 L. Next, dilutions are performed to
obtain standard solutions at 10 ppm, 25 ppm, 50 ppm, 75 ppm, 100 ppm, 125 ppm, and 150 ppm in 0.1 M
acetate buffer, pH 4.5. All solutions are prepared using double water distillation (WaterOne).

2.8 Sample preparation and analysis

The sample used in this study is an artificial sample, where a Cd sample is made by adding a
standard Cd solution at 10—125 ppm in an acetate buffer (0.1 M, pH 4.5) to the river water and the
concentration of Cd is measured by cyclic voltammetry using SPCE/AgNPs-Chi and Atomic Absorption
Spectrophotometer (AAS), to compare the measurement results and determine the accuracy of the Cd
Sensor.

3.Results and Discussion
3.1 Synthesis of AgNPs-Chi

AgNPs-Chi were successfully synthesized using a water extract of red ginger leaves, with silver
nitrate solution as a precursor and chitosan as a surface-capping agent to prevent agglomeration [52].
AgNO3 dissociates in water to produce Ag+. The bioactive compounds identified in the phytochemical
screening results showed that red ginger leaf extract contains flavonoids, tannins, steroids, and saponins
[53], which play a role in reducing Ag+ ions to Ag0. Some previous studies have also reported that
bioactive compounds in plants may act as degrading agents in the formation of silver nanoparticles [54-
59]. Bioactive compounds from red ginger leaf water extract that have -OH groups, such as flavonoids,
tannins, steroids, and saponins, undergo oxidation by releasing electrons, reducing the Ag+ in a 1 mM
AgNO3 solution to Ag0. In addition to being a reducing agent, the bioactive compounds in red ginger leaf
extract, such as phenolic compounds, flavonoids, tannins, steroids, and saponins, act as a capping agent,
maintaining the stability of the silver nanoparticles formed [60-63]. In addition to secondary metabolites
such as phenolics, terpenoids, and flavonoids, biomolecules with functional groups of aldehydes,
carboxylic acids, and amides also act as reducing and stabilizing substances for nanoparticles [64]. The
successful formation of silver nanoparticles is indicated by a color change from yellow to brownish-yellow.
This discoloration has also been confirmed in previous research on the biosynthesis of chitosan-coated
silver nanoparticles [65, 66, 67, 68, 69]. Fig. 3 shows the discoloration of AgNPs-Chi over 7 days.
According to [70], the color intensity of the AgNPs solution mixture increases over time. The color change
in AgNPs-Chi indicates the excitation of surface plasmon vibrations in the formed silver nanoparticles
[71]. The SPR phenomenon of AgNPs-Chi is further characterized using a UV-Vis Spectrophotometer.
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Fig 3. Figure (a) Red ginger leaf extract; (b) AgNPs-Chi Solution; (c) Dry AgNPs-Chi (d) Discoloration
of AgNPs-Chi for 7 Days (Days 1 to 7, consecutively)

3.2 Characterization of AgNPs-Chi with UV-Vis Spectrophotometer

The bioactive compounds contained in red ginger leaves play an important role in the formation
of AgNPs-Chi. During the seven-day period, from the first to the seventh day, AgNPs-Chi changed from
yellow to brownish-yellow, indicating the successful synthesis of AgNPs-Chi. [72] confirmed that
compounds from plant extracts used in the biosynthesis process can cause discoloration in silver
nanoparticles. This color change is caused by the SPR (Surface Plasmon Resonance) effect, which can be
verified with a UV-Vis spectrophotometer. Color change in the 1-7 day range began on day 2, but on days
3 -7, no color change was detected. This is one of the indicators of the stability of the AgNPs produced by
Chi. According to [69], brownish color is caused by the excitation of free electrons in nanoparticles. After
24 hours, no further discoloration was observed, indicating that the synthesized nanoparticles had
stabilized. In this study, red ginger leaf water extract contributed significantly to the formation of AgNPs-
Chi. Fig. 4 shows the AgNPs-Chi spectrum in a time span of 1 to 7 days, where the peak of UV-Vis
absorption is at wavelengths of 432.5 — 452.5 nm. Wavelength and absorbance data for red ginger leaf
extract and AgNPs-Chi over 1 to 7 days are shown in Table 1.
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Fig 4. UV Vis AgNPs-Chi spectrum in a time range of 1 to 7 days



The sharp peak of AgNPs-Chi in the wavelength region of 432.5 - 452.5 nm is similar to previous studies
where the peak of AgNPs-Chi nanocomposites is in the range of 400-460 nm [52, 66, 70, 73,74].

Table 1. UV-Vis absorption data of AgNPs-Chi

Time (days) A Max (nm) Absorbansi
1 432.50 0.174
2 440.00 0.195
3 442.00 0.231
4 447.50 0.279
7 452.50 0.328

Table 1 shows the increase in absorbance over time for AgNPs-Chi. Previous research has shown
that the peak absorption strength increases over time [75]. The absorbance of AgNPs-Chi increased from
0.174 on the first day to 0.328 on the seventh day, indicating an increase in the number of nanoparticles
formed during the synthesis process. The results obtained are in line with previous research, which
suggested that the formation of silver nanoparticles is influenced by the reduction of Ag+ ions to Ag0. The
longer the biosynthesis process lasts, the more silver nanoparticles are formed, as evidenced by increased
absorbance [76]. Red ginger leaf extract can enhance the increased absorbance and stability observed
during AgNP formation. The higher the amount of bioactive compounds contained in the extract, the more
stable the size of the silver nanoparticles produced will be [77]. The biosynthesis process on the first day
shows that only a small amount of Ag+ is reduced to Ag0. The next day, a significant increase in
absorbance is observed for the silver nanoparticles until Ag+ is completely reduced to Ag0. UV-Vis
Surface Plasmon Resonance (SPR) is highly sensitive to the dimensions and morphology of silver
nanoparticles [72]. The spherical shape of silver nanoparticles is characterized by a single SPR band in the
300-700 nm range [78].

In this study, the stability of AgNPs-Chi is influenced not only by the bioactive compound content
in leaf extracts but also by the presence of chitosan. Chitosan was used in this study to improve its stability
and functionality. According to [79], AgNPs that have been modified in the formation of metal
nanoparticles will be affected by the presence of capping agents. The capping agent itself is a substance
that can stabilize silver nanoparticles that have been previously synthesized by their aggregation. There are
various types of capping agents, including chitosan. Chitosan acts as a steric barrier by covering the metal
surface with a positive charge. Chitosan is used as a surface stabilizer for silver nanoparticles to prevent
agglomeration, as naked metal nanoparticles tend to clump due to van der Waals interactions [72]. [80]
stated that chitosan is an excellent stabilizing agent for metal nanoparticles. In addition to serving as a
stabilizer, chitosan in this study was used to modify the surface of nanoparticles, thereby facilitating the
functionalization of AgNPs-Chi in cadmium and copper metal sensors.

3.3 Characterization of AgNPs-Chi with PSA

Characterization of AgNPs-Chi was followed by PSA to determine the nanoparticles' mean
overall diameter. Particle size is measured by dynamic light scattering, in which the motion of particles in
the medium is correlated with their size [81]. The results of the AgNPs-Chi size distribution test using PSA
are shown in Fig 5, shows the average particle size and size distribution in AgNPs-Chi. The results showed
that the average size of AgNPs-Chi particles was 118 nm, with a polydispersity index (PI) of 0.410. This
indicates that the average particle size of AgNPs-Chi is well distributed, where if the PI value is closer to
zero (0), the size distribution and physical stability of silver nanoparticles are better [82]. The PI value can
also provide an overview of nanoparticle size homogeneity in solution, with larger PI values indicating
less uniform nanoparticle size [83]. The PI value in this study was lower than that in the previous study by



[84], which reported a PI value of AgNPs/Chi of 0.6.
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Fig 5. (a). Average size of AgNPs-Chi (b). AgNPs-Chi size distribution

The average size of AgNPs-Chi obtained was 118 nm, larger than the size of AgNPs, which was
53.6 nm (Fig. 5a). These results show an increase in the average size of the nanoparticles after being
modified with chitosan, as the chitosan layer covers the silver nanoparticles [85], proving that the
nanoparticle modification process has been successfully carried out. This is in line with previous research
by [66, 67, 69, 86], who used the DLS technique and reported an increase in the mean size of AgNPs-Chi
after chitosan modification. Fig. Sb shows the histogram of the particle size distribution in AgNPs-Chi,
where the most dominant distribution is seen at the size of 41-60 nm with an intensity of 18.3%. The
particle size distribution of AgNPs-Chi varies from 31.01 to 118.74 nm. Silver nanoparticles coated by
chitosan have a wide size distribution due to the size of the chitosan molecule and the number of chitosan
layers on the nanoparticle's surface [52].

3.4 Characterization of Chitosan Modified Silver Nanoparticles with FTIR

FTIR analysis was carried out to determine the success of the AgNPs modification process using
chitosan as a capping agent, which stabilizes nanoparticles, by analyzing the absorption spectrum and
infrared emissions. The FTIR spectrum of AgNPs-Chi can be seen in Fig. 6. This spectrum shows several
uptake peaks that indicate the presence of various functional groups involved in the synthesis of AgNPs-
Chi. The dominant absorption peaks for AgNPs-Chi were observed at peaks of 3446.79, 2926.01, 2362.80,
1653, 1382.96, 1153.43, 1078.21, 1022.27, 858.32, 524.64 cm-1. The results of the functional group
analysis of AgNPs-Chi from red ginger leaf water extract are shown in Table 2.
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Table 2. Results of AgNPs-Chi functional group analysis

Number of Waves (cm™)

No. AgNPs Description of functional groups
1. 3446.79 OH and NH stretch vibration
2. 2926.01 CH stretch vibration
3. 2362.80 Stretch vibration O=C=0
4. 1653.00 Stretch vibration C=0 (amide I)
5. 1382.96 C-N stretch vibration
6. 1153.43 Stretching vibration C-O-C (glycosidic bond)
7. 1078.21 C-O stretch vibration
8. 1022.27 C-O stretch vibration
9. 858.32 Aromatic C=CH stretch vibration
10. 524.64 Ag-0 stretch vibration

The results of the FTIR analysis showed a band at 3446.79 cm! is associated with overlapping
N-H stretches of O-H stretches of carbohydrate rings as well as intramolecular hydrogen bonds [67,
68, 69, 74]. Absorption tape at 2926.01 cm! conforms to the symmetrical stretch of C-H [74]. Pie falls
2362.80 cm™! considered as a stretch O=C=0 (CO2) absorbed from the atmosphere [87]. Tape at 1653.00
cm! can be attributed with amide vibration characteristic I due to the presence of stretch vibration
C=0 [74]. Number of waves 1382.96 cm! indicates C-N stretching vibrations signaling the presence of
secondary amine groups and chitosan structures [88]. Absorption tape at 1153.43 cm™ ; 1078.21 and
1022.27 cm™! can be attributed to the C-O-C (glycosidic bond) stretch vibration and C-O stretch of
the carbohydrate ring [69, 89, 90]. In addition, there is a ribbon at 1653 — 1022 cm™' according to the
C=0 stretch vibration, C-N stretch, and CH3 and C-O-C bending vibtrations, indicating the presence of a
carbohydrate structure [91, 92]. AgNPs-Chi displays two bands at 1022.27 and 1078.21 cm' [66]. These
bands are associated with C-O-C and C-O stretching vibrations in chitosha-like polysaccharides [69]. The
existence of these two distinct peaks compared to the single bands in AgNPs-Chi provides evidence of
successful integration of chitosan to the surface of nanoparticles [93]. These chemical
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modifications reflect the formation of chitosan nanoparticle interfaces [94]. According to [95], the
absorption bands between 1000 - 1100 cm™' serve as a reliable indicator of the presence of chitosan on
the surface of AgNPs, reinforcing its role in improving the stability and dispersion of nanoparticles in
polymer matrices.

The absorption band at 858.32 cm™ showed the presence of aromatic C=CH vibrations [96] and
confirmed the structure of chitosan polysaccharides, consistent with findings by [97], who identified CH
deformation bands as markers of polysaccharides-nanoparticle interactions. The band at 524.64 cm™!
indicates the occurrence of Ag-O stretch vibrations and indicates the formation of AgNP-Chi which
occurs in wavenumbers of 400 — 700 cm™! [73, 98]. Based on these results, it can be seen that there is a
shift in the number of waves in AgNPs-Chi which indicates an interaction between the functional groups
found in AgNPs and chitosan [84]. In addition, the observed peaks of N-H and C-O confirm the
contribution of chitosan, suggesting that the chitosan layer not only improves stability but can
also facilitate the further functionalization of AgNPs [68].

3.5 Characterization of AgNPs-Chi with XRD

The crystallinity and size of AgNPs-Chi were analyzed using XRD. XRD analysis also confirmed
the crystallite arrangement of the formed AgNPs-Chi. The results of the analysis of XRD AgNPs-Chi can
be seen in Fig. 7. The peaks of the AgNPs-Chi diffraction pattern are at 37.817°, 44.063°, 64.434°, and
77.539°, corresponding to the crystallite lattice planes (111), (200), (220), and (311). This reflects the
typical pattern of silver with a face-centered cubic crystallite structure, according to the Joint Committee
on Powder Diffraction Standards (JCPDS) database number 04-0783 [75]. These results are in line with
previous research [68, 99, 100, 101]. In addition, some weak peaks were observed on the diphroctograms,
which may have originated from the formation of bioorganic compounds on the surface of silver
nanoparticles. This also occurs during the formation of silver nanoparticles, as reported by other
researchers [102, 103].

The XRD pattern in AgNPs-Chi has similar characteristics to the XRD pattern, suggesting that
AgNPs-Chi effectively combines AgNPs and shares a similar structural configuration, confirming the
successful synthesis of AgNPs-Chi [68]. According to [69], the incorporation of chitosan around the
nanoparticles does not alter the XRD pattern of AgNPs, which shows the same peak, indicating that the
chitosan layer does not alter the nanoparticles' crystallinity or structure [69]. All of the diffraction peaks in
Fig. 7 exhibit characteristics of AgNPs-Chi as a crystalline structure, with slight shifts in peak positions
due to strain [104]. The presence of sharp, well-defined diffraction peaks emphasizes the high purity and
crystallinity of AgNPs-Chi [68]. In the diffraction pattern of AgNPs, there are additional peaks that may
be caused by phytochemical constituents of plant extracts used in the synthesis of AgNPs [105] and the
presence of peak exnansion due to the amornhous nronerties of chitosan nolvmers [106,107].
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Fig. 7. AgNPs-Chi XRD diffraction pattern
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The lattice plane (200) in AgNPs-Chi is a parallel plane that divides the cubic structure
horizontally. Peaks in the AgNPs-Chi diffraction pattern in the field (200) show higher intensity than other
lattice planes, indicating that although there are crystallites oriented to the lattice plane (111), (220), and
(311), the majority of crystallite structures tend to be more oriented to the plane orientation (200) [108].
The level of crystallinity of a nanoparticle is indicated by the peak intensity of diffraction and the FWHM
(Full Width Half Maximum) value. Nanoparticles with high diffraction peak intensity and low FWHM
values exhibit high crystallinity [109, 110]. AgNPs-Chi has a peak with high intensity and a small FWHM
value, indicating that AgNPs-Chi has a high level of crystallinity. However, in the lattice planes 111, 220,
and 311, the peak intensity of AgNPs-Chi diffraction decreases because the AgNPs surface is covered with
chitosan during the modification process. The diffraction peaks of AgNPs-Chi tend to be sharper than the
diffraction peaks of AgNPs, indicating that the crystallite size of AgNPs-Chi is greater than the crystallite
size of AgNPs. According to [111], sharper diffraction peaks indicate a larger crystallite size. The
crystallite size of AgNPs-Chi was determined using the Debye-Scherrer equation [112] (Equation 1). The
value of K is the constant of the material, which is 0.9, A is the wavelength of the X-ray (1.54 A), and P is
the value of FWHM. The calculation results obtained that the average crystallite size of AgNPs-Chi is
61.98 nm. Meanwhile, the calculated lattice parameters for silver nanoparticles averaged 0.409 nm. The
lattice parameter values obtained are close to the lattice values of silver nanoparticles based on JCPDS No.
04-0783 (a= 0.407 nm).

Table 3. Average size of AgNPs-Chi crystallites

D (O) HKL FWHM D (nm) Crystallite Size Parameter kisi (a)
(nm) (nm)
37.817 111 0.11330 0.2377 80.67 0.412
44.063 200 0.14960 0.2053 62.35 0.411
64.434 220 0.19690 0.1444 51.91 0.408
77.539 311 0.20930 0.1230 52.99 0.408
Average size: 0.1776 61.98 0.409

3.5 Characterization of AgNPs-Chi with SEM-EDX

The surface morphology of AgNPs-Chi was analyzed using the SEM-EDX (Scanning Electron
Microscope-Energy Dispersive X-Ray Spectroscopy) method. SEM-EDX is a combination of two
methods: SEM, which determines the morphology of a solid sample from images, and EDX, which
analyzes the chemical elements of a material [113]. The SEM method can be used to scan nanoscopic
structures at high resolution [114]. The EDX method validates the elemental composition of the
synthesized AgNPs-Chi [67]. The measurement begins with SEM to obtain a morphological image of the
silver nanoparticles at 5000x magnification, with a scale of 10 um, as shown in Fig. 8.

SEM analysis showed the surface morphology of AgNPs-Chi. Fig. 8 shows silver nanoparticles
enveloped by chitosan polymers [84, 115, 116] and occupying spaces between nanoparticles [84]. In
general, Fig. 8 shows aggregated AgNPs-Chi that appear clumped. Aggregation of silver nanoparticles
occurs due to their high surface energy and reactivity, which causes them to attract one another and form
clusters [117, 118]. Fig. 8 also confirms that AgNPs-Chi are spherical and randomly dispersed. Similar
findings have also been reported by [67, 68, 69, 84, 116, 119].

The AgNPs-Chi micrograph also shows a more uniform, homogeneous surface. This uniformity
in size and distribution is likely due to the stabilizing effects of chitosan, which forms a protective layer
around AgNPs, reducing their tendency to aggregate. The chitosan layer not only increases nanoparticle
size but also enhances stability and dispersion [68]. [69] reported the results of SEM AgNPs-Chi,
synthesized from wheat residues, showing lower nanoparticle aggregation, possibly due to chitosan
stabilization on the nanoparticle surface, resulting in repulsion between nanoparticles due to the positive
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surface charge of the nanoparticles. In another study, the use of chitosan as a coating agent for other metal
nanoparticles, such as gold, improved stability compared to gold nanoparticles without chitosan [120].

Fig. 8. Surface morphology of AgNPs-Chi with SEM magnification of 5000x at scale of 10 um

The next measurement is by Energy-Dispersive X-Ray Spectroscopy (EDX), which aims to
characterize AgNPs-Chi based on their elemental content. The spots or dots identified by EDX
measurements reveal the specific chemical composition of the silver nanoparticles. The results of EDX
measurements of the chemical composition of silver nanoparticles are shown in Fig. 9.

B Map Sum Spectrum

Fig. 9. EDX spectrum on AgNPs-Chi

The EDX spectrum of AgNPs-Chi shows that silver is the dominant element, with a 3 keV peak.
Previous research has also shown that silver is near a peak at 3 keV [65, 67, 69]. The composition of Ag
46.9%, C 34.9%, O 7.7%, and N 7.6% indicates that silver is the main component of AgNPs-Chi,
confirming the successful synthesis of AgNPs-Chi and the successful modification of chitosan with silver
nanoparticles. These findings are in line with [121], who also reported the presence of C and O in
AgNPs/chitosan mediated by Mentha piperita. According to [74], the presence of C and O along with Ag
indicates the presence of chitosan on the surface of the silver metal. The C peak corresponds to the organic
chitosan structure, while the O and N peaks are related to the chitosan structure and surface oxidation of
silver nanoparticles [68]. The spectrum also indicates the presence of several other elements, including Cl,
K, Au, Ca, Na, P, S, Al, Fe, and Si. The detection of additional elements other than Ag is due to the release
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of compound components from leaf extracts via X-rays [122] and to the chitosan composition [67]. This
suggests that red ginger leaf extract has a dual role as a reducing and stabilizing agent during nanoparticle
synthesis, enhancing the biocompatibility and functional diversity of AgNPs-Chi [67].

3.Results and Discussion
4.1 Electrochemical measurements using SPCE/AgNPs-Chi as Cd and Cu metal sensors

The CV response to SPCE/AgNPs-Chi and SPCE can be seen in Fig. 10. CV measurements were
performed in a 0.1 M acetate buffer solution, pH 4.5, with a scan rate of 50 mV/s, in a potential range of
+1 V to -1 V for Cu metals, showing a higher current response in SPCE/AgNPs-Chi compared to SPCE.
This increase in electrochemical peak current suggests that AgNPs-Chi has good electrical conductivity,
more active sites, and excellent electrocatalytic activity [123, 124, 125]. This is in line with previous
research by [123], which found that diizhone-chitosan-modified AgNPs exhibit good electronic properties,
including rapid electron transfer at the SPE surface, leading to increased current and sensitivity for
electrochemical detection of [Fe(CN)6]3-/4-. Research conducted by [126] also showed an increase in
current peaks in GCE/AgNPs-chitosan electrodes compared to GCE electrodes for lipopolysaccharide
analysis. This suggests that the presence of AgNPs-Chi with an active surface bearing -NH2 [127] as a
capping agent can increase electron transport at the electrode surface, increase peak current, and result in
stronger sensor interactions [124].
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Fig. 10. CV SPCE/AgNPs-Chi response at scan rate 50 mV/s in a 0.1 M acetate buffer solution pH 4.5

The SPCE anodic peak is observed at a current of 6.79 pA, while the SPCE/AgNPs-Chi peak is
observed at a current of 15.58 pA. The presence of this anodic peak is thought to result from silver
oxidation, as shown in Fig. 10. Under acidic/neutral pH conditions, such as in a pH 4.5 acetate buffer,
silver undergoes anodic oxidation to Ag*. The Ag* ions formed then complex with the acetate anion to
become Ag(CHsCOO) [128,129,130,131]. The reaction of silver ions in the acetate buffer at pH 4.5 is
shown in Fig. 11.

Ags) — Aglag T €

Ag'(aq} + CH:COO (ag) = Ag{CHz(:OO)(;;q}

Fig. 11. Silver ion reaction in acetate buffer pH 4.5
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Fig. 12 shows the CV response of SPCE and SPCE/AgNPs-Chi electrodes to a 125 ppm Cd and
Cu metal solution with a scan rate of 50 mV/s. Figure 12(a) shows the response of the SPCE electrode to
a 125 ppm Cd metal with a very weak oxidation peak intensity with a current of 1.19 pA, while the
SPCE/AgNPs-Chi electrode shows a very sharp peak with a current of 44.77 pA. Figure 12(b) shows the
response of the SPCE electrode to a 125 ppm Cu metal with an intensity of 1.19 pA. lower oxidation peak
at SPCE (current 51.07 pA), while SPCE/AgNPs-Chi electrodes show very high oxidation peak at 109.6
HA.

Current (uA)
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Fig. 12. CV SPCE/AgNPs-Chi response at a scan rate of 50 mV/s in a solution of (a) Cd
125 ppm (b) Cu 125 ppm

’|ID -08 -08

The effect of scan rate on SPCE/AgNPs-Chi was determined using CV at a scan rate of 60 -160
mV/s with an interval of 20 mV/s in a Cd and Cu solution of 125 ppm, as shown in Fig.13, which shows
the peak of oxidation that shifts in a positive direction with an increase in the scan rate. The results of these
observations indicate that the reaction of Cd and Cu with the SPCE/AgNPs-Chi electrode surface follows
a controlled diffusion process. This is in line with previous research by [132], which showed a linear
increase in peak current [Fe(CN)6]3-/4- at the SPE and SPE-AgNPs-Dtz@Clts electrodes with increasing
scan rate. According to [133, 134], the current peak is directly proportional to the scan rate when the
measurement parameters remain constant. Fig. 12 also shows the correlation between the peak current (LA)
and the square root of the scan rate (mV/s)1/2 on the SPCE/AgNPs-Chi electrode. Based on Fig. 13, a
linear relationship between the peak current (LA) and the square root of the scan rate (mV/s)1/2 is observed.
This indicates that the reaction rate at the electrode surface is influenced by the rate of electron transfer on
the silver-chitosan nanoparticle-modified electrode. The linear plot shows that the SPCE/AgNPs-Chi-
modified electrode yields R2 values of 0.833 for Cd and 0.967 for Cu.
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Fig. 13. CV response and linear plot of SPCE/AgNPs-Chi with a scan rate of 60-160 mV/s in a
Cd solution of 125 ppm; (b) Cu 125 ppm

The sensor response of the SPCE/AgNPs-Chi modified electrode was evaluated at various
concentrations of Cd (10-150 ppm) and Cu (10-125 ppm) at a scan rate of 50 mV/s. Fig.14 shows the CV
response and linear plot of the SPCE/AgNPs-Chi electrode. The increase in current can be seen as there is
an increase in the concentration of Cd (Fig. 14a) and Cu (Fig. 14b). The current at the resulting anodic
peak is directly proportional to the concentration of the standard Cd and Cu solutions achieved and results
from the transfer of electrons moving from the sample (metal solution) to the electrode surface [125]. This
is in line with research by [132], which shows that current increases along with Hg2+ concentration at the
SPEs-AgNPs/Dithizone/chitosan electrodes. Current changes in response to increased concentrations of
Cd and Cu can be attributed to strong electrostatic interactions between AgNPs-Chi and Cd and Cu [126].
The resulting linear plot shows a linear relationship in the metal concentration range of Cd 10-125 ppm,
resulting in a linear regression equation y = 0.1949x + 14.199 (R*= 0.8006). Meanwhile, the linear plot in
the Cu concentration range of 10-125 ppm yields the equation y = 0.2649x + 0.5521 (R? = 0.8922). Data
on concentration, current strength, and response time in SPCE/AgNPs-Chi are shown in Table 4.
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Table 4. Data concentration, current strength, response time on SPCE/AgNPs-Chi

Current strength (HA) Response Time(s)
Concentration (ppm)
Metal Cd Cu Metal Metal Cd Cu Metal
10 ppm 17.8025 7.475 7.0 35.8
25 ppm 21.6396 7.5583 6.5 36.0
50 ppm 22.7546 10.1167 6.0 36.4
75 ppm 23.7525 16.6958 53 37.8
100 ppm 29.5133 24.3375 4.8 38.5
125 ppm 44.7750 39.1167 4.8 38.7
Measurement Range 1-125 ppm 1-125 ppm
R2 0.8006 0.8922
Pers. Reg. Linier y=0.1949x + 14.199 y=0.2649x + 0.5521
Time range 48-17.0 36.0-38.7

In this study, the response time of SPCE/AgNPs-Chi was determined to assess the electrode's
sensitivity; the shorter the response time, the greater the electrode's sensitivity [135]. Table 4 shows
SPCE/AgNPs-Chi response time data at a scan rate of 50 mV/s, where the response time for Cd metal
analysis ranges from 4.8 to 7.0 s, while the response time for Cu analysis ranges from 36.0 to 38.7 s. The
current response time to the concentration of Cd is shorter than that of Cu.
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The detection limits and sensitivity of the modified electrodes are also determined. The following equation
[136] was used to determine LOD in this study: LOD = 3 SD/s, where SD is the standard deviation of the empty
peak current (six runs), SD = 0.6156, and s is the slope of the corresponding calibration equation. The detection
limit is calculated from the empty solution (electrolyte) and the standard curve relating metal concentration to
electrode current. The results of the calculation of the detection limit (LoD) of Cd metal using the SPCE/AgNPs-
Chi electrode obtained a value of 9.48 ppm (0.08 mM). Meanwhile, the results of the calculation of the Cu
detection limit using the SPCE/AgNPs-Chi electrode obtained a value of 6.97 ppm (0.11 mM). The results of the
calculation of the quantification limit (LoQ) of Cd using the SPCE/AgNPs-Chi electrode obtained a value of 31.59
ppm (0.08 mM). Based on the results, the SPCE/AgNPs-Chi electrode can detect Cd metal at 9.48 ppm (0.08 mM)
and Cu metal at 6.97 ppm (0.11 mM).

The high LOD in this analysis suggests that the sensor cannot produce sufficiently distinct signals from
noise at trace levels, making its performance less than ideal for trace analysis applications [137], which can be
due to several factors, including the fact that CVs are less sensitive to heavy metal detection at very low levels,
compared to stripping techniques such as ASV or SWASV. The detection limit (LoD) for Cd and Cu analysis by
cyclic voltammetry is generally high due to the CV's low intrinsic sensitivity, especially at trace concentrations.
CV does not include the preconcentration stage, so the redox current is small and can be easily covered by
capacitive currents [138]. In SPCE/AgNPs-Chi, the peak current produced is relatively small, especially in Cd,
making it difficult to distinguish the analyte signal from the noise. Low currents can result from less efficient
electron transfer at the electrode surface, a limited active surface area, or electrode modifications that do not form
optimal active sites [139]. When the signal flow is low, the difference between the signal and baseline becomes
small, which ultimately increases the LoD.

Additionally, high base noise is another significant factor contributing to the increase in LoD [140]. Factors
such as electrode surface fouling by sample matrix components, voltammogram baseline instability, and
interference from other compounds may also contribute to increased signal variation [138]. Low sensitivity also
contributes to high LoD values. The low sensitivity is reflected in the slight tilt of the calibration curve, suggesting
that changes in analyte concentration result only in subtle changes in current [141]. In addition, the potential for
fouling by biomolecules or organic compounds can compromise electrode performance. Fouling can inhibit the
analyte's access to the electrode surface, leading to decreased current and increased signal variability [142].
Therefore, although the electrode can measure metals at moderate concentrations, its performance is not yet ideal
for trace-level applications and requires further optimization, such as improving surface modifications or using
more sensitive stripping voltammetry techniques. Sensitivity is determined by dividing the slope of the linearity
curve by the working electrode surface area used [81]. Sensitivity tests are conducted to assess a sensor's response
to analytics. The SPCE/AgNPs-Chi electrode sensitivity test result for Cd metal analysis was 0.25 pAppm-1 mm-
2. Meanwhile, the sensitivity of the SPCE/AgNPs-Chi electrode for Cu metal analysis was 0.34 pnAppm-1mm-2.
These results show that the SPCE/AgNPs-Chi electrode is more sensitive to Cu than to Cd.

The electrode's sensitivity is inversely proportional to the particle size. The smaller the particle size (up to
the optimal size), the higher the electrode's sensitivity [143]. AgNP is a nanoscale particle with a larger active
surface area, allowing the adsorption of more metal ions (Cd2+/Cu2+) and providing a more active site for
reactions, resulting in a linear increase in peak current and high sensitivity [143] [144,145,146]. In addition, with
a large surface area, AgNPs can facilitate the oxidation of electroactive species at electrodes by increasing mass
transport rates and enabling rapid electron transfer, thereby enhancing electrode sensitivity [143] [145] [147,148].

4.2 Simultaneous Determination of Cd and Cu

Testing of artificial samples was also conducted to assess the ability of electrodes modified with
SPCE/AgNPs-Chi silver nanoparticles to act as sensors for Cd and Cu. Fig.15 shows the CV response of the
SPCE/AgNPs-Chi electrode to the sample of an artificial metal solution in measuring the concentration of Cd and
Cu. From the measurement results, the concentrations of Cd and Cu were 75.08 ppm and 73.5 ppm, respectively.
The results of this measurement were compared with those of measurements using the Atomic Absorption
Spectrophotometer (AAS), which yielded Cd concentrations of 50 ppm and Cu concentrations of 72.22 ppm. The
measurement results using the SPCE/AgNPs-Chi electrode were close to those obtained with the Atomic
Absorption Spectrophotometer (AAS) instrument, with analysis accuracies of 150.2% for Cd and 101.8% for Cu.
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The results of this study show that the sensitivity and accuracy of Cu are better than those of Cd. This is

due to the stronger affinity of the Cu complexion for amine groups and hydroxyl groups in chitosan, resulting in
a larger peak current and a linear relationship with concentration. In addition, the slope of the calibration curve
for Cu (0.1967) is greater than that for Cd (0.1685). Cu generally results in higher peak currents in voltammetric
techniques because it exhibits faster electron-transfer kinetics and a tendency to interact more strongly with the
surfaces of carbon-based electrodes or modified nanomaterials [149]. Such a high current response increases
sensitivity. The presence of silver nanoparticles (AgNPs) accelerates the transfer kinetics of the Cu?"/Cu® redox
reaction electrons compared to Cd?*/Cd°, resulting in a sharper and well-defined Cu voltammetry peak. The
process of Cu deposition—dissolution during CV scanning is also more stable and homogeneous, whereas Cd tends
to undergo partial redissolution or diffusion into the chitosan matrix, which decreases signal stability. Cu oxidation
peaks appear at more positive potentials and are more separated from the background capacitive current, resulting
in a higher signal-to-noise ratio, reduced measurement errors, and improved accuracy and sensitivity of Cu
analysis compared to Cd [137, 138, 144, 146].

Conclusion

This study demonstrated the successful synthesis and characterization of chitosan-coated silver
nanoparticles using a green, easy-to-follow, environmentally friendly, and cost-effective method that employs red
ginger leaf extract as a coating agent and a natural reducing agent. Silver nanoparticles obtained by green synthesis
(AgNPs-Chi) were used to modify SPCE for the simultaneous determination of Cd and Cu in an artificial metal
solution by cyclic voltammetry. The results of UV-Vis, PSA, FTIR, XRD, and SEM-EDX spectroscopy confirmed
the successful synthesis of AgNPs-RGL. The formation of AgNPs-Chi was visually confirmed by the
discoloration and validated by UV-Vis analysis, which showed a surface plasmon resonance band at 432.5 nm,
and was stable during the 7-day incubation period. The AgNPs-Chi particles analyzed by PSA have an average
size of 118 nm and a well-distributed polydispersity index of 0.410. XRD and SEM-EDX analysis revealed the
FCC-shaped AgNPs-Chi and identified silver as the dominant element, along with several other elements,
including carbon, oxygen, and nitrogen. FTIR analysis confirmed the successful integration of chitosan to the
surface of AgNPs, thereby stabilizing its dispersion in aqueous media. AgNPs-Chi has the potential to be
developed as an SPCE modifier for the simultaneous determination of Cd and Cu by cyclic voltammetry, owing
to its large surface area and higher catalytic activity, resulting in good performance. The SPCE/AgNPs-Chi
analysis for Cu offers better sensitivity, detection limits, stability, and accuracy than Cd, with accuracy values
150.2% and 101.8% for Cu and Cd, respectively.
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