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Abstract

The electronic setup based on Arduino has been designed to determine the range of light
frequency where photocatalytic activity occurs most effectively in the presence of nanosized
silver during the electromagnetic radiation exhibition. As a compound used to find such
activity, the methylene blue dye has been chosen, which is commonly used as a redox
indicator. The range of light frequency occurred near the local plasmon frequency of
silver nanoparticles.

Keywords: photocatalysis; local surface plasmon resonance; silver nanoparticles; methylene
blue; Arduino

1. Introduction

Photocatalysis is a chemical process where light energy is used to accelerate a specific
reaction in the presence of a catalyst. The process typically involves a semiconductor
material, such as titanium dioxide (TiO;), which absorbs photons with energy equal to its
band gap. This absorption excites an electron from the valence band (VB) to the conduction
band (CB), thereby creating a highly reactive electron-hole pair (e~ /h*). These charges then
migrate to the surface of the catalyst, where they can initiate redox reactions with adsorbed
molecules. This leads, for example, to the degradation of pollutants, water splitting for
hydrogen production, or other chemical transformations.

The term “induced photocatalysis” typically refers to a modified or enhanced form
of photocatalysis where the activation of the catalyst is “induced” by a secondary mech-
anism. This is often performed to extend the catalyst’s activity to a broader range of the
electromagnetic spectrum, particularly visible light, which is more abundant than UV
light. There are two common ways to induce photocatalysis: (1) dye sensitization where a
visible light-absorbing dye is adsorbed onto the surface of a wide-band-gap photocatalyst
(e.g., TiOy), subsequently injecting an electron into the CB of the catalyst, and (2) plasmon
nanoparticle loading where the addition of noble metal nanoparticles (like gold or silver)
to the catalyst enables it to absorb visible light through a phenomenon called Localized
Surface Plasmon Resonance (LSPR), thereby creating “hot electrons” that can be transferred
to the photocatalyst to initiate the catalytic reaction.

Induced photocatalysis has been a hot topic in recent years, with the photocatalytic
properties of various nanoparticles (NPs) being intensively studied due to their unique
physical and chemical properties, especially when applied for efficient wastewater treat-
ment purposes [1-3]. As previously mentioned, the mechanism of photocatalytic activity
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for semiconductor NPs relies on the transition of electrons from the VB to the CB, but their
application has been greatly limited by both a large band gap and the low utilization of
visible light [4].

On the other hand, in plasmon-mediated photocatalysis, incident light excites LSPR in
metal nanocrystals, leading to the generation of energetic, non-equilibrium “hot electrons”
through plasmon decay. These hot electrons have energies greater than the Fermi level
of the metal. If the metal nanoparticle is in contact with a semiconductor or a molecular
adsorbate, these hot electrons can be injected into the conduction band of the semicon-
ductor or the unoccupied molecular orbitals of the adsorbate. This highly efficient charge
transfer process directly drives the chemical reaction. The remaining positively charged
nanoparticle (due to the loss of an electron) then acts as a site for hole transfer from the
reactant, completing the charge separation. This characteristic makes it a highly promising
approach with regard to the controllable selective degradation of organic substances. This
process differs from traditional photocatalysis by creating high-energy electrons beyond the
thermal equilibrium, which can overcome activation barriers and enable selective chemical
transformations, such as the reduction of small molecules, even in the absence of traditional
reducing agents [5-7]. Thus, the unique ability of plasmonic NPs to efficiently utilize the
visible and near-infrared light spectrum to generate hot electrons can be utilized to generate
and directly inject hot electrons to drive the catalytic reaction, overcome the bandgap limi-
tations of traditional semiconductors, and offer a more efficient and broadband approach
to photocatalysis.

Designing well-defined plasmonic nanostructures is essential for manipulating surface
plasmons and enhancing the efficiency of hot-electron-based processes. Therefore, it is
necessary to provide the tools required to determine the optimal conditions for effective
photocatalysis. One way of achieving this goal is to determine the most effective frequency
range of electromagnetic radiation at which photocatalytic processes occur. As mentioned
above, in the case of organic compounds, hot electrons are injected into the unoccupied
molecular orbitals of the molecule, causing its reduction. Methylene blue was selected
as the organic compound for this study; it acts as a redox indicator because it changes
color depending on its oxidation state. In its oxidized form, it is blue, while in its reduced
form, it is colorless. This property allows it to visually signal the presence or absence of
oxidizing or reducing agents in a chemical reaction [8]. Consequently, the electronic setup
was designed to determine the effective light frequency range in photocatalytic activity with
plasmonic NPs. Using silver nanoparticles (AgNPs) may be better than gold nanoparticles
(AuNPs) due to their lower cost and stronger LSPR effects in the visible and UV regions,
which can lead to higher photocatalytic activity. AgNPs exhibit better light absorption in
the UV-A and near-UV spectrum, which is beneficial for many photocatalytic reactions.
However, AgNPs also have some drawbacks compared to AuNPs—they are less stable
and susceptible to oxidation and aggregation, which can, in turn, lead to the loss of their
unique optical and catalytic properties over time. Nevertheless, for pure photocatalytic
studies, AgNPs may offer higher efficiency.

2. Experimental Setup

AgNPs (dispersion < 100 nm, 10 wt.% in ethylene glycol) and Methylene Blue
(>98% purity) were purchased from Sigma-Aldrich (Burlington, MA, USA). Triply dis-
tilled water was used in all measurements.

To determine the effective light wavelength range in photocatalytic activity with Ag-
NPs, an experimental setup with software-controlled wavelength scanning was developed
and implemented. The hardware was built around the Atmega2560 microcontroller, which
ensures the coordination of all electronic setup components. These components include
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the light sources, the wavelength selection unit, the irradiation time control unit, and the
registration unit (Figure 1).
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Figure 1. Experimental setup for the determination of the photocatalytic activity range (wavelength
dependence) of plasmonic nanoparticles.

The setup installation configuration includes the following key elements:
Light sources:

An incandescent lamp generating light across the visible spectrum serves as the
primary electromagnetic radiation source. The light irradiation passes through an optical
collimation unit before entering the monochromator. For monitoring the degradation
process (indicated by absorption) within the wavelength range of 610-660 nm, a separate
appropriate LED is used.

Monochromator unit:

A prism monochromator is used to separate a narrow range of wavelengths. The
mechanism allows the prism’s rotation angle to be changed programmatically, thereby
ensuring the selection of the desired wavelength with a step of less than 5 nm.

Optical vial:

Aqueous solution of methylene blue (MB) and Ag NPs was prepared by mixing 10 pL
stock Sigma AgNPs solution with 990 uL. H,O and 10 uL 5% mass solution of MB with
990 uL H,O, accordingly. The reaction mixture (containing the aqueous solution of MB and
AgNPs) was placed in a glass vial, which was fixed on the optical axis, perpendicular to
the direction of light radiation.

Photodetector unit:

A silicon photodiode (an analog light sensor) was placed behind the vial to measure the
light intensity passing through the solution. The change in transmittance was subsequently
used as a marker of photocatalytic activity.

Control unit:

The embedded software of the Atmega2560 microcontroller was designed to provide
sequential scanning of a given wavelength range, exposure time control, signal recording
from the photodetector, and data transmission for subsequent analysis.

Power supply unit:

All components were powered by a stabilized power supply equipped with appropri-
ate protection. Current stabilization for the LED was specifically implemented to ensure
radiation stability throughout the entire series of measurements.
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3. Results and Discussion
Shown in Figure 2 is the size distribution of Ag NPs and the absorption spectra of Ag

NP with the MB solution.
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Figure 2. Size distribution of silver nanoparticles (AgNPs), and visible absorption spectrum of AgNPs
in the methylene blue (MB) solution.

Light irradiation from the incandescent lamp passes through an optical collimation
unit before entering the monochromator, where a narrow range of desired wavelengths is
separated. The selected light wavelength then passes through the transparent quartz vial
containing the AgNPs-MB mixture and impinges upon the photodetector, which measures
the light intensity transmitted through the solution. MB acts as a redox indicator; it is
blue in its oxidized form and colorless in its reduced form. This property allows for the
visualization of the presence or absence of oxidizing or reducing agents in a reaction
mixture [8]. As a result of hot electron generation—which occurs when the AgNPs are
irradiated with light close to their plasmonic frequency due to the LSPR—the blue dye
solution becomes colorless. This discoloration or degradation of MB molecules leads to a
corresponding increase in light intensity measured by the detector (Figure 3) [9,10].
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Figure 3. Change in light intensity measured by the photodetector as a function of irradiation time,
illustrating the photocatalytic degradation of the MB-AgNPs mixture.

Conversely, the light irradiation at a wavelength significantly detuned from the Lo-
calized Surface Plasmon Resonance (LSPR) frequency does not induce the photocatalytic

transformation of MB.

4. Conclusions

Photocatalysis is a chemical process where light energy is used to accelerate a spe-
cific reaction in the presence of a catalyst. The mechanism of photocatalytic activity for
semiconductor nanoparticles (NPs) relies on the transition of electrons from the valence
band (VB) to the conduction band (CB). However, this application has been greatly limited
by the large band gap and low utilization of visible light. Induced photocatalysis, specifi-
cally plasmon-mediated photocatalysis, occurs when incident light excites the Localized
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Surface Plasmon Resonance (LSPR) in metal nanocrystals, leading to the generation of en-
ergetic, non-equilibrium “hot electrons”. This process differs significantly from traditional
photocatalysis by creating high-energy electrons beyond thermal equilibrium, which can
overcome activation barriers and enable selective chemical transformations. The unique
ability of plasmonic NPs to efficiently utilize the visible and near-infrared light spectrum to
generate hot electrons overcomes the bandgap limitations of traditional semiconductors,
thereby offering a more efficient and broadband approach to photocatalysis. To determine
the optimal condition for effective photocatalysis, an electronic setup was designed to iden-
tify the effective electromagnetic radiation range. The proposed setup architecture can be
readily adapted to determine the photocatalytic activity range for both pure semiconductor
NPs and those combined with plasmonic metals.
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