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Abstract: Nanoparticles are used in various fields, including fuel cells, energy conversion devices,
and sensors, because of their large surface area and excellent catalytic properties. Although various
methods of synthesizing nanoparticles are available, the most popular is the solution-phase reduction
of metal ions. Electrodeposition is a method of reducing metal ions in solution and is widely used
because of its various advantages. In this study, Ag nanoparticles with a narrow size distribution were
evenly dispersed on the surface of an electrode by applying electrodeposition in an agarose hydrogel
medium instead of in solution, confirming the feasibility of Ag deposition in agarose hydrogel, even
at a lower reduction potential than that in solution. These results are attributed to the electrolyte
effect owing to the hydrophilic backbone of the agarose hydrogel and the gel effect, which reduces
unexpected convection. H2O2 was detected by using the Ag nanoparticles synthesized in agarose
hydrogel, and the limit of detection for H2O2 was found to be 4.82 µM, with a dynamic range of
1–500 µM. The nanoparticle synthesis platform proposed in this study is expected to be actively used
for the synthesis of other metal/nonmetal nanoparticles.

Keywords: silver nanoparticle; electrodeposition; hydrogel; electrochemical H2O2 sensing

1. Introduction

Nanostructured metals deposited on diverse substrates have played a pivotal role
in the development of technological applications, including microelectronics [1,2], sens-
ing [3,4], electroplating [5], energy storage [6,7], and the enhancement of Raman scat-
tering [8] and electrocatalysis [9,10]. Metal nanoparticles have a high surface-to-volume
ratio, with the capability to interact with target molecules, good electrical and catalytic
properties, and a large number of active sites [11]. The properties of metal nanoparticles
differ from those of the corresponding bulk materials. Among the various strategies for
fabricating nanocomposites, electrochemical deposition is a practical alternative to gaseous
phase deposition under vacuum, such as vapor deposition, sputtering, chemical vapor
deposition [12,13], and in the solution phase, such as printing and dip-coating [14,15].
Electrochemical techniques can be used as not only facile methods for fabricating metal
nanoparticles, but also versatile analytical tools for manipulating the electrochemical behav-
ior. The potential applied to the working electrode and the duration can affect important
properties of nanoparticles, such as the size, density, morphology, and electrocatalytic
effects [16].

Aqueous electrolytes are typically used in conventional electrodeposition processes;
however, they have some limitations, including gas evolution, the need for complexing
agents, water pollution in industrial use, and irregular deposition caused by natural
convection for long-term electrolysis [17,18]. To overcome the limitations of aqueous
solvents, several alternative media, such as organic solvents or ionic liquids, have been
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used, but the toxicity, volatility, and poor solubility of simple metal salts are the major
barriers to their application [19–22].

A hydrogel is a three-dimensional (3D) network comprising a hydrophilic func-
tional group of polymer chains, which can imbibe a large amount of water without
dissolving [23,24]. The unique structures and properties of hydrogels provide useful ap-
plications in many research areas, including tissue engineering [25], drug delivery [26,27],
biosensors [28], and energy storage and conversion fields [29]. Agarose is a widely used
material among various types of hydrogels because it is inexpensive, non-toxic, and easy
to synthesize and has high structural flexibility. Agarose is a linear polysaccharide con-
sisting of 1,3-linked β-D-galactopyranose and 1,4-linked 3,4-anhydro-α-L-galactopyranose
repeating units [30]. Recently, Hwang et al. used a hydrogel pen (HYPER) for the electrode-
position of platinum between pyramid-shaped agarose and a gold substrate by controlling
the contact area [31]. We also reported the mass transport properties of solutes on the
agarose interface, which precluded the effect of natural convection on the long-term elec-
trochemistry [32].

The selective, rapid, and quantitative determination of hydrogen peroxide (H2O2)
has attracted considerable attention because of the essential role of this compound in
the food [33], pharmaceutical [34], clinical [35], cosmetic [36], and biochemical indus-
tries [37]. Various analytical methods have been employed to trace H2O2, including
chromatography [38], fluorescence [39], chemiluminescence [40], and electrochemical meth-
ods [41,42]. Among these techniques, electrochemical analysis is the most suitable owing
to its speed, low detection limit, simple instrumentation, and real-time measurement capa-
bilities. Electrochemical detection of H2O2 is commonly based on the use of enzymes as
signal transducers [43]. Although enzyme-based sensors have an ultra-low detection limit
for analytes, their application to H2O2 is limited because of their inherent poor stability,
which causes denaturation. Moreover, the catalytic activity and selectivity for H2O2 are
significantly reduced by other interfering substances with similar detection potentials, such
as dopamine, uric acid, catecholamine, and ascorbic acid. Because of these disadvantages
of enzyme-based electrochemical sensing for H2O2, metal nanoparticles are prospectively
good alternatives for replacing enzyme transducers owing to their outstanding conductivity,
long-term stability, and excellent electrocatalytic activity [41,44].

Herein, we report a simple method for the electrodeposition of Ag nanoparticles on
indium tin oxide (ITO) by using agarose hydrogel media. Agarose-based Ag deposition
exhibits numerous desirable characteristics, such as well-dispersed and uniform particles
and adjustable properties, compared with the conventional solution-phase process. Elec-
trodeposition is a versatile method of controlling the shape and size of metal nanoparticles
on a conducting surface by adjusting the preparation conditions [45,46]. Therefore, the size
of the Ag nanoparticles can be controlled by adjusting the deposition time without any
interference (i.e., natural convection), as confirmed by performing field-emission scanning
electron microscopy (FE-SEM) analysis of the particle morphology. Metal nanoparticles are
considered the most promising alternatives to enzymes for electrochemical detection [47].
In this study, the electrocatalytic activity of Ag nanoparticles for H2O2 sensing is evaluated
using an electrochemical method. Many methods of fabricating metal nanoparticles in bulk
solutions are known and widely used; however, hydrogel-based methods of synthesizing
nanocomposites have rarely been studied. Therefore, our approach is expected to be a good
candidate for the synthesis of various types of metal nanoparticles. The electrochemical
setup for Ag deposition and H2O2 sensing using agarose hydrogel are depicted in Scheme 1.
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Scheme 1. Schematic of cell configuration for the electrodeposition of Ag nanoparticles on ITO and
H2O2 sensing.

2. Experimental
2.1. Materials

Agarose (Low EEO), silver nitrate (AgNO3, 97%), potassium perchlorate (KClO4,
99.9%), and nitric acid (HNO3, ~70%) were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Perchloric acid (HClO4, 70%) and hydrogen peroxide (H2O2, 30%) were purchased
from Acros Organic and Fisher Chemical, respectively. Silver was electrodeposited on
indium tin oxide (ITO)-coated glass (Omniscience, Yongin-si, Republic of Korea, 10 Ω cm−2

sheet resistance). The ITO was cleaned with acetone and isopropanol in an ultrasonic
bath for 5 min and dried under a N2 stream. All chemicals and reagents used in this
work were of reagent grade. Water (>18 MΩ·cm) was obtained from a Millipore Milli-Q
purification system.

2.2. Preparation of Agarose Hydrogel for Electrochemical Measurement

The agarose solutions (3.2 wt%) were prepared in a microwavable cylindrical container
equipped with a sealing cap. The solution in the container was heated under microwave
(700 W power) until the agarose was completely dissolved. The dissolved solution was
placed in a vacuum desiccator to remove air bubbles that disrupted the gel. The prepared
agarose solution (viscous and transparent) was poured into a glass mold and cooled
slowly in a humidity-controlled chamber. The solidified agarose was cut into the desired
sizes, carefully separated from the glass mold, and stored in distilled water. Before the
electrochemical measurements, the agarose gels were immersed in an aqueous solution of
redox molecules and a supporting electrolyte for 12 h to achieve complete equilibrium. For
the electrochemical measurements, a redox material containing agarose gel was installed in
a homemade cell.

2.3. Electrochemical and FE-SEM Measurement

Electrochemical measurements were performed in a conventional three-electrode
cell using a CHI 601e potentiostat (CH Instruments, Austin, TX, USA). Indium tin oxide
(ITO; 2.5 × 2.5 cm) was used as the working electrode, and a Pt wire and Ag/AgCl wire
were used as the counter electrode and quasi-reference electrode, respectively, and were
positioned inside the agarose gel. A homemade cell equipped with a vertical press was
used to ensure conformal contact between the agarose hydrogel and ITO electrode. The
surface morphology of the electrodeposited Ag on ITO was characterized by using FE-SEM
(TESCAN, MIRA III, 15 kV, WD = 9.9~10.3 mm) which was equipped with detector for
imaging of secondary electron. Additionally, the chemical composition were analyzed
by the FE-SEM equipped with energy dispersive spectrometry (EDS, Oxford Instruments,
Oxford, UK).



Nanomaterials 2023, 13, 48 4 of 14

2.4. Electrodeposition of Ag on ITO and Electrochemical H2O2 Reduction

The electrochemical deposition of Ag on ITO is potentiostatically similar to that in
the aforementioned cell configuration. Agarose gel was immersed in a mixture of 1 mM
AgNO3, 5 mM KClO4, and 1 mM HClO4 as a soaking solution which was adjusted to
pH 4 (see Figure S1 in the Supplementary Materials). Cyclic voltammetry (CV) scans were
recorded in the range of 0.4 to −0.5 V at a scan rate of 50 mV/s. Chronoamperometry
(CA) for Ag deposition was performed by applying −0.35 V (vs. Ag/AgCl quasi-reference
electrode (QRE)) to the ITO working electrode in contact with the agarose hydrogel. To
ensure a conformal contact, constant pressure was applied between agarose hydrogel
and ITO by home-made press machine. The electrocatalytic effect of Ag on ITO (Ag
deposition time: 10 s, Figure S2) for H2O2 detection was determined by performing CV
and chronocoulometry (CC) in an electrochemical buffer (EB; 0.1 M phosphate buffer and
700 mM NaCl; pH 7.4) with different concentrations of H2O2.

3. Results and Discussion

The scanning electron microscopy (SEM) images show the morphology of the bare ITO
electrode before and after three CV cycles. The bare ITO electrode showed densely attached
grains with crystalline particles of approximately 30 nm in diameter (Figure 1b). This
structure imparted highly conductive properties to the ITO surface. Figure 1c shows the
SEM micrograph after three CV cycles, in which the ITO surface remained stable without
any damage caused by ITO reduction or oxygen evolution.
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KClO4 (scan rate, v = 100 mV/s). SEM image of bare ITO (b) before and (c) after three cycles of CV.
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ITO was used as the working electrode for the electrodeposition of Ag nanoparticles.
Although ITO has low electrical resistivity (~10−4 Ω·cm) with high transparency to UV-vis
light (>90% transmittance), it is known that electrochemically reduced ITO electrodes
turn dark brown in color and are less conductive [48,49]. To prevent this reduction, the
ITO electrode was evaluated by employing CV to check its stability within the potential
windows for the electrodeposition of silver. Figure 1a shows that ITO was stable in the
supporting electrolyte over the potential range of +1.3 V to −0.7 V. ITO was reduced at
a potential more negative than −0.7 V, and oxygen evolution was initiated at a potential
more positive than +1.3 V.

The electrochemical process of silver deposition on the ITO substrate was studied
using CV in solution and agarose hydrogel (Figure 2). In the solution (Figure 2a), two
distinct peaks related to the reduction of silver ions and the oxidation of silver previously
deposited on the ITO surface are observed. The sharp increase in the cathodic current at
−0.2 V is an indication of an increase in silver nucleation and particle growth, reaching the
cathodic peak current (Ipc) of −176 mA/cm2 at −0.376 V. The reaction related to the peak
current (Ipc) is indicated by Equation (1):

Ag+ + e− → Ag (1)
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Figure 2. CVs of silver redox process on ITO electrode (a) in solution and (b) in agarose hydrogel,
both containing 2 mM AgNO3, 1 mM HClO4, and 5 mM KClO4. The dotted line represents the
background signal without AgNO3. Scan rate: 50 mV/s.

The deposition potential between metal ions and the foreign substrate is generally
higher than that between the same metal particles due to crystallographic substrate-metal
misfit, except in the case of underpotential deposition [17]. Therefore, the deposition of Ag+

on the ITO electrode was more negative than the formal potential of Ag+/Ag. However,
during the positive scan, the oxidation of silver began from the same silver surface that had
already been deposited onto the ITO surface. Owing to the difference in the deposition and
stripping potentials, a crossover between the cathodic and anodic current traces occurred.
Therefore, crossover is another method of forming metal nuclei on the electrode [50].



Nanomaterials 2023, 13, 48 6 of 14

Figure 2b shows the cyclic voltammogram for the electrochemical deposition of Ag
on the ITO substrate in the agarose hydrogel. From the electrochemical analysis, it was
confirmed that the agarose hydrogel was not adsorbed on the surface of the synthesized
Ag nanoparticles. (see Figure S3 in the Supplementary Materials). The CV profile was
similar to that in solution, but presented different onset potentials for silver deposition.
The decrease in both the cathodic and anodic overpotentials compared to those in solution
suggests that silver deposition in agarose is more favorable than in solution, which is
assumed to be due to the higher interaction and stabilization between charged silver ions
and the hydrophilic moieties of the agarose polymer backbone.

To confirm the mass transport properties of silver ions in the agarose media, the CV
of the silver deposition process was measured by varying the scan rate in the agarose
hydrogel. As shown in Figure 3a, the cathodic and anodic currents both increased as the
scan rate increased from 5 to 100 mV/s.
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Figure 3. (a) CVs of ITO electrode in agarose hydrogel containing 2 mM AgNO3, 1 mM HClO4, and
5 mM KClO4 depending on scan rate. (b) Plots of cathodic peak current (Ipc) vs. square root of the
scan rate (v) and (c) dependence of peak potential, Epc, vs. log v in 4.8 wt% of agarose hydrogel.



Nanomaterials 2023, 13, 48 7 of 14

A linear relationship between the cathodic peak current (Ipc) and square root of the scan
rate (v) was observed for the silver deposition process (Figure 3b). Linearity is generally
observed in electrochemical reactions in which the mass transport of redox molecules
is mostly governed by the diffusion process [51]. Therefore, the main factor affecting
mass transfer in agarose hydrogels is diffusion, whereas other factors (i.e., convection and
migration) are not worth considering at normal scan rates [32].

Figure 3c shows the change in the cathodic peak potential (Epc) according to the
log (scan rate, v) for the electrodeposition of silver on ITO in agarose hydrogel. The
coefficient of charge transfer (α) is calculated to be 0.38 at room temperature (298 K) by
using Equation (2) [52,53]:

|Ep - Ep/2| = 1.857RT/αnF (2)

where R is the gas constant, T is the absolute temperature, α is the charge-transfer coefficient,
n is the number of electrons in the rate-determining step, and F is the Faraday constant.

Silver was electrodeposited on the ITO electrode under two conditions: in solution
and agarose hydrogel. Figure 4a show the SEM images of the Ag deposits formed at
−0.35 V (vs. Ag/AgCl QRE) over 10 s in solution, demonstrating a broad range of sizes
(refer Figures S4a and S5a in the Supplementary Materials) and irregular shapes. This
suggests that controlling the morphology or distribution of the deposited nanoparticles
is difficult in the solution phase, which is assumed to be caused by uncontrollable mass
transport properties (i.e., natural convection). Ag deposition in the agarose hydrogel (refer
Figures S4b and S5b in the Supplementary Materials) afforded nanoparticles with a regular
shape, which were well-distributed laterally compared to those obtained via solution-
phase electrodeposition (Figure 4b). Additionally, the total amount of Ag nanoparticles
on ITO was approximately 7.265 × 10−12 mol/cm2 using anodic stripping voltammetry
(see Figure S6 in the Supplementary Materials). We assumed that the interaction between
the Ag+ ions and the hydrophilic polymer network of the hydrogel can reduce natural
convection [32], which causes irregular transport of the solute to the electrode surface. The
transport of metal ions to the electrode surface is crucial for the electrodeposition of metal
nanoparticles. The pore structure of the agarose hydrogel could be controlled by varying
its concentration. From these results, the agarose hydrogel appeared not only to be a good
template, but also a well-controllable reaction medium for the electrochemical deposition
of metal nanoparticles.

Nanomaterials 2023, 13, x FOR PEER REVIEW 7 of 13 
 

 

A linear relationship between the cathodic peak current (Ipc) and square root of the 

scan rate (v) was observed for the silver deposition process (Figure 3b). Linearity is gen-

erally observed in electrochemical reactions in which the mass transport of redox mole-

cules is mostly governed by the diffusion process [51]. Therefore, the main factor affecting 

mass transfer in agarose hydrogels is diffusion, whereas other factors (i.e., convection and 

migration) are not worth considering at normal scan rates [32]. 

Figure 3c shows the change in the cathodic peak potential (Epc) according to the log 

(scan rate, v) for the electrodeposition of silver on ITO in agarose hydrogel. The coefficient 

of charge transfer (α) is calculated to be 0.38 at room temperature (298 K) by using Equa-

tion (2) [52,53]: 

│Ep – Ep/2│ = 1.857RT/αnF (2) 

where R is the gas constant, T is the absolute temperature, α is the charge-transfer coeffi-

cient, n is the number of electrons in the rate-determining step, and F is the Faraday con-

stant. 

Silver was electrodeposited on the ITO electrode under two conditions: in solution 

and agarose hydrogel. Figure 4a show the SEM images of the Ag deposits formed at −0.35 

V (vs. Ag/AgCl QRE) over 10 s in solution, demonstrating a broad range of sizes (refer 

Figures S4a and S5a in the Supplementary Materials) and irregular shapes. This suggests 

that controlling the morphology or distribution of the deposited nanoparticles is difficult 

in the solution phase, which is assumed to be caused by uncontrollable mass transport 

properties (i.e., natural convection). Ag deposition in the agarose hydrogel (refer Figures 

S4b and S5b in the Supplementary Materials) afforded nanoparticles with a regular shape, 

which were well-distributed laterally compared to those obtained via solution-phase elec-

trodeposition (Figure 4b). Additionally, the total amount of Ag nanoparticles on ITO was 

approximately 7.265 × 10−12 mol/cm2 using anodic stripping voltammetry (see Figure S6 in 

the Supplementary Materials). We assumed that the interaction between the Ag+ ions and 

the hydrophilic polymer network of the hydrogel can reduce natural convection [32], 

which causes irregular transport of the solute to the electrode surface. The transport of 

metal ions to the electrode surface is crucial for the electrodeposition of metal nanoparti-

cles. The pore structure of the agarose hydrogel could be controlled by varying its con-

centration. From these results, the agarose hydrogel appeared not only to be a good tem-

plate, but also a well-controllable reaction medium for the electrochemical deposition of 

metal nanoparticles. 

 

Figure 4. SEM images of silver clusters electrodeposited on ITO electrode (a) in solution, (b) in aga-

rose hydrogel (3.2 wt%) from a solution containing 1 mM AgNO3, 1 mM HClO4, and 5 mM KClO4. 

Electrodeposition was performed at −0.35 V (vs. Ag/AgCl quasi-reference electrode (QRE)) for 10 s. 

Figure 4. SEM images of silver clusters electrodeposited on ITO electrode (a) in solution, (b) in
agarose hydrogel (3.2 wt%) from a solution containing 1 mM AgNO3, 1 mM HClO4, and 5 mM
KClO4. Electrodeposition was performed at −0.35 V (vs. Ag/AgCl quasi-reference electrode (QRE))
for 10 s.

The influence of the duration of application of the potential (hereinafter, potential
duration) on silver deposition in the agarose hydrogel was determined by varying the
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deposition time using a ITO working electrode. Small metal particles have adjustable
properties (e.g., magnetic, optical, and electronic) that can be tuned based on the structure,
interparticle density, and particle size. In a typical electrodeposition process, the potential
duration applied to the electrodes influences the nucleation and crystal growth of the metal
nanoparticles [17,46].

Figure 5 shows the SEM micrograph of the Ag-deposited ITO electrode surface when a
potential of −0.35 V against the Ag/AgCl QRE is applied for durations of 0.5 to 10 s in the
silver-containing agarose hydrogel. The SEM images show marked differences in the size
and morphology of the particles with an increasing deposition time. As shown in Figure 5a,
after electrodeposition of 1.0 mM AgNO3 for 0.5 s, silver deposits with a diameter less
than 100 nm are obtained. This indicates that the onset of silver nucleation occurs earlier
than 0.5 s. Although uneven, at longer deposition times, the size of the silver deposits
increases owing to the aggregation of small clusters (Figure 5a–f). Precise control of the
size and morphology is beyond the scope of this work, and the well-controlled fabrication
of electrodeposited nanoparticles is still a challenging technique that depends on various
parameters. Nonetheless, Ag nanomaterials of various sizes were successfully fabricated
on the ITO electrode surface in agarose hydrogel by controlling the deposition time.

Nanomaterials 2023, 13, x FOR PEER REVIEW 8 of 13 
 

 

The influence of the duration of application of the potential (hereinafter, potential 

duration) on silver deposition in the agarose hydrogel was determined by varying the 

deposition time using a ITO working electrode. Small metal particles have adjustable 

properties (e.g., magnetic, optical, and electronic) that can be tuned based on the structure, 

interparticle density, and particle size. In a typical electrodeposition process, the potential 

duration applied to the electrodes influences the nucleation and crystal growth of the 

metal nanoparticles [17,46]. 

Figure 5 shows the SEM micrograph of the Ag-deposited ITO electrode surface when 

a potential of −0.35 V against the Ag/AgCl QRE is applied for durations of 0.5 to 10 s in 

the silver-containing agarose hydrogel. The SEM images show marked differences in the 

size and morphology of the particles with an increasing deposition time. As shown in 

Figure 5a, after electrodeposition of 1.0 mM AgNO3 for 0.5 s, silver deposits with a diam-

eter less than 100 nm are obtained. This indicates that the onset of silver nucleation occurs 

earlier than 0.5 s. Although uneven, at longer deposition times, the size of the silver de-

posits increases owing to the aggregation of small clusters (Figures 5a–f). Precise control 

of the size and morphology is beyond the scope of this work, and the well-controlled fab-

rication of electrodeposited nanoparticles is still a challenging technique that depends on 

various parameters. Nonetheless, Ag nanomaterials of various sizes were successfully 

fabricated on the ITO electrode surface in agarose hydrogel by controlling the deposition 

time. 

 

Figure 5. SEM micrographs of silver nanoparticles deposited on ITO electrode in agarose hydrogel 

containing 1 mM AgNO3 at a potential of −0.35 V at deposition times of (a) 0.5 s, (b) 1.0 s, (c) 1.5 s, 

(d) 2.0 s, (e) 5.0 s, and (f) 10.0 s. 

Silver particles are known to act as electrocatalysts for H2O2 reduction [52]. H2O2 is 

reduced on the electrode via the following mechanism [54]: 

H2O2 (aq)+ e− → OHads + OH−
(aq)  (3) 

OHads + e− → OH−
(aq) (4) 

The net reduction of H2O2 in solution is given as 

Figure 5. SEM micrographs of silver nanoparticles deposited on ITO electrode in agarose hydrogel
containing 1 mM AgNO3 at a potential of −0.35 V at deposition times of (a) 0.5 s, (b) 1.0 s, (c) 1.5 s,
(d) 2.0 s, (e) 5.0 s, and (f) 10.0 s.

Silver particles are known to act as electrocatalysts for H2O2 reduction [52]. H2O2 is
reduced on the electrode via the following mechanism [54]:

H2O2 (aq) + e− → OHads + OH−(aq) (3)

OHads + e− → OH−(aq) (4)

The net reduction of H2O2 in solution is given as

H2O2 (aq) + 2e− → 2OH−(aq) (5)
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To confirm the electrocatalytic properties of the prepared Ag nanostructures, the
electroreduction of H2O2 was characterized by employing CV within the stable potential
range of the ITO electrode in a deaerated 0.1 M phosphate-buffered solution (pH 7.4)
containing 1.0 mM H2O2, at a scan rate of 100 mV/s (Figure 6a). The current response of
the bare ITO electrode (black line) for H2O2 is small, indicating negligible electrocatalytic
activity. In the absence of H2O2 (blue dotted line), even the ITO electrode modified with
Ag nanoparticles exhibits a weak current, similar to that of bare ITO without H2O2. In both
cases, the H2O2 reduction signals are negligible. However, the strongest catalytic reduction
current is observed for the Ag-modified ITO electrode in the presence of H2O2 at −0.6 V
vs. Ag/AgCl QRE. This suggests that H2O2 can be reduced only on the Ag surface of the
ITO electrode, and the Ag-ITO electrode possesses excellent electrocatalytic capability for
H2O2 reduction.
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Figure 6. (a) CVs obtained with bare ITO (black line) and ITO electrode modified with Ag nanopar-
ticles in the presence (red line) or absence of 1.0 mM H2O2 (blue dotted line) in phosphate buffer
(pH 7.4). Scan rate: 100 mV/s. (b) CCs obtained at −0.6 V in phosphate buffer (pH 7.4) containing
various concentrations (1, 10, 50, 100, 200, 300, and 500 µM) of H2O2. (c) Calibration plot for the
charge values at 5 s in panel (b). The error bars represent the standard deviation (SD) of three
independent measurements. All data were corrected by the mean value of the double layer charging
current determined from five measurements at zero concentration of H2O2. The dotted line shows
three times the SD of the charging current obtained at zero concentration of H2O2. Ag deposition
condition: potential of −0.35 V (vs. Ag/AgCl QRE) for 10.0 s.
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To investigate the analytical application of the modified electrode for H2O2 sensing,
chronocoulograms were acquired for the Ag-modified ITO electrodes using different con-
centrations of H2O2 (Figure 6b). In chronocoulometry (CC) [55], the integrated current
at a given period of time is used as the sensing signal. These signals show superior re-
producibility over those obtained by using potential sweep techniques such as CV. The
capacitive charging current, as the background level in CV, can be a major obstacle in
electrochemical sensing, whereas the effect of the capacitive charging current in CC can be
sufficiently reduced by the integration process under sufficiently long-term measurements.
The typical charge-time response is proportional to the H2O2 concentration in the range
of 1.0–500 µM. The mean charge value at 5.0 s in the absence of H2O2 is 10.7 µC, and the
standard deviation (SD) is 0.65 µC. Figure 6c shows the calibration plot for the charge data
obtained at 5.0 s presented in Figure 6b. The estimated limit of detection (LOD) using
Equation (6) for this sensing platform is ca. 4.83 µM.

LOD = 3Sb/m (6)

where Sb is the SD of the blank and m is the slope of the corresponding calibration curve
(refer Figure S7 in the Supplementary Materials) [56]. To confirm the selectivity of our
sensor system, amperometric i-t response was obtained in the presence of interference
molecule such as nitrate, glucose, and ascorbic acid (refer Figure S8 in the Supplementary
Materials). These results reveal that the developed hydrogel-based Ag-ITO sensor exhibits
excellent performance in terms of high sensitivity and selectivity as well as low detection
limit, comparable to those of other non-enzymatic H2O2 sensors (see Table 1).

Table 1. Comparison of various non-enzymatic H2O2 sensors based on nanomaterials.

Sensor Type LOD (µM) Dynamic Range
(mM) Ref.

Cu NPs@GCE 3.4 8–70 [57]
Co3O4 NWs@rGO 2.4 0.015–0.675 [58]

Ag-mSiO2 NPs@GCE 3.00 0.004–10 [44]
Crod@Ag-Ps 67 0.5–5.0 [59]

AuNPs-NH2/Cu-
MOF/GCE 1.2 0.005–0.85 [60]

Ni/Ag@C 10 0.03–17 [61]
AgNPs@rGO@PANI 0.05 0.00001–1 [62]

AuCu alloy NPs
Ag NPs@ITO

10.93
4.83

0.05–10
0.001–0.5

[63]
This work

NP—nanoparticle, GCE—glassy carbon electrode, NW—nanowire, rGO—reduced graphene oxide, MOF—metal-
organic framework, PANI—polyanlinie, MWCNT—multi-walled carbon nanotube.

4. Conclusions

In this study, we successfully deposited Ag nanoparticles on an ITO electrode in
agarose hydrogel. Electrodeposition of Ag nanoparticles in agarose hydrogels has the
following advantages over deposition in solution: (1) nanoparticles can be deposited with
relatively mild reduction potentials; (2) nanoparticles are evenly dispersed and deposited
on the electrode surface; (3) the sizes of the synthesized nanoparticles are relatively homo-
geneous. These advantages may be attributed to the hydrophilic backbone of the agarose
hydrogel and the minimization of unexpected convection. Ag nanoparticles synthesized in
agarose hydrogel, as a solid electrolyte, showed good sensing ability for H2O2. The LOD of
our sensing platform for H2O2 detection was 4.83 µM, with a dynamic range of 1–500 µM.
The LOD and dynamic range were extremely low compared with those observed in several
recent studies. The proposed method for nanoparticle electrosynthesis in agarose hydrogel
is not limited to Ag. Agarose hydrogels can be actively used for the synthesis of various
metal and non-metal nanoparticles and are expected to be used as important nanoparticles
or nanocatalyst synthetic media.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano13010048/s1, Figure S1: Cyclic voltammetry of silver depo-
sition on ITO using agarose hydrogel (3.2 wt%) as function of pH in 2 mM AgNO3, 1 mM HClO4,
and 5 mM KClO4. pH was adjusted by HNO3. Scan rate: 10 mV/s; Figure S2: The calibration plot
for the H2O2 oxidation charge values of chronocoulograms obtained at −0.6 V according to the Ag
deposition time. The H2O2 sensing experiment conducted in 0.1 M phosphate buffer (pH 7.4) and
700 mM NaCl with 300 µM H2O2. The error bars represent the three independent measurements;
Linear sweep voltammetry (LSV) with bare ITO (black line) and electrodeposition of Ag on ITO
in solution (blue line), in agarose hydrogel (red line) from a solution containing 1 mM H2O2 in
phosphate buffer (pH 7.4). Electrodeposition was performed at −0.35 V (vs. Ag/AgCl QRE) for
5 s. The indicated numbers are each onset potential; Figure S4: The size distribution histograms
for silver nanoparticles deposited on ITO in solution (a), in agarose hydrogel (b); Figure S5: SEM
micrographs of ITO surface upon electrodeposition of silver (a) in solution, (b) in agarose hydrogel at
both ×50 k magnification; Figure S6: Anodic stripping voltammetry curve on silver nanoparticles
electrodeposited on ITO prepared the same as in Figure 4b; Figure S7: Calibration plot for the charge
values at 5 s in Figure 6b against the concentration of H2O2; Figure S8: Amperometric responses of
Ag nanoparticles modified ITO in Ar-saturated phosphate buffer (pH 7.4) with addition of 0.5 mM
interference molecules (ascorbic acid, glucose, nitrate) and 0.5 mM H2O2.
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