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Abstract: Antibiotics are a novel class of contaminants that represent a substantial risk to human 
health, making their detection an important task. In this study, ZnO nanostructures were prepared 
starting from Bombyx mori silk fibroin and Zn(NO3)2, using thermal treatment. The resulting ZnO 
structures were characterized using SEM, FT-IR, and XRD. They had a fibrous morphology with a 
wurtzite crystalline structure, with nanometric dimensions. FT-IR and XRD confirmed silk fibroin’s 
disappearance after thermal treatment. To prepare modified electrodes for amoxicillin (AMX) anti-
biotic detection, ZnO nanostructures were mixed with Nafion polymer and drop-casted on an elec-
trode’s surface. Parameters such as drying time and concentration appeared to be important for 
electrochemical detection. Differential pulse voltammetry (DPV) was sensitive for AMX detection. 
The measurements revealed that the novel electrode based on ZnO nanostructures embedded in 
Nafion polymer has potential to be used for AMX electrochemical detection. 

Keywords: nanostructures; silk fibroin; electrochemical sensor 
 

1. Introduction 
One of the most frequently prescribed antibiotics for infectious diseases that can af-

fect humans (such as Anthrax, Lyme disease, pneumonia, gastroenteritis, otitis, vaginal 
infections, urinary infections, and oral infections) is amoxicillin (AMX) [1,2]. AMX, 6-(p-
hydroxy-α-amino phenyl acetoamido) penicillanic acid [3], is also a common antibiotic 
used in animal husbandry, and because of this, its residues may be found in animal prod-
ucts, other agricultural products, and the agricultural environment [4]. Such contaminants 
in processed beef pose a serious threat to human health and can harm kidney and liver 
functions [4]. Beta-lactam antibiotics such as AMX have a stable chemical structure, high 
levels of toxicity, and slow rates of biodegradation [2]. They can therefore readily be dis-
charged into the environment through wastewater from food and livestock production, 
human excretion, hospital wastewater discharge, and poor wastewater treatment [5]. 
Considering these, the monitoring of antibiotics such as AMX is very important. 

Multiple analytical methods have been used to detect AMX, primarily surface plas-
mon resonance, chromatography, capillary electrophoresis, liquid chromatography cou-
pled to tandem mass spectrometry (LC–MS-MS), spectrofluorometric and microbiological 
methods, enzymatic quantification, fluorescence, and spectrophotometry [2,3,6]. There is 
a need for simpler, less expensive, quicker, more sensitive, and more selective amoxicillin 
determination methods, because most current methods need time-consuming and expen-
sive sample pre-treatment procedures [2]. Due to their benefits, including low cost, easy 
operation, quick measurement, and strong sensitivity and selectivity, electrochemical 
techniques have been used extensively in the study of antibiotics in recent decades. Elec-
trochemical methods can also be used to quickly test for pollution on-site [5]. 
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Preface

Rapid advancements in nanotechnology have opened up new frontiers in sensor technologies,

particularly with one-dimensional (1D) and two-dimensional (2D) nanomaterials. This reprint, “1D

and 2D Nanomaterials for Sensor Applications”, compiles 12 selected papers from the Special Issue

of the MDPI Journal of Crystals, showcasing the latest research in this field.

This reprint explores advancements in the unique synthesis and preparation techniques of 1D

and 2D nanomaterials, novel integration routes for new and enhanced functionalities, and advanced

device simulation and design strategies for sensing applications. It highlights the diverse applications

and vast potential of 1D and 2D nanomaterials in sensing, emphasizing the importance of continued

research. Applications in various sensing fields, such as gas sensing, biosensing, and environmental

monitoring, are demonstrated.

We extend our sincere gratitude to the reviewers for their invaluable comments and suggestions,

which significantly improved the quality of the papers. Special thanks to Dr. Supattra Panthai, the

section managing editor, whose dedicated efforts were instrumental in the success of this Special

Issue and reprint.

We hope this compilation serves as a valuable resource for researchers and scientists in academia,

industry, and government labs, providing a deeper understanding of nanomaterial research and its

applications in sensor technology. We trust that readers will find this reprint both informative and

inspiring, paving the way for future innovations in nanomaterials and sensors.

Andrew F. Zhou and Peter X. Feng

Editors
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One-Dimensional and Two-Dimensional Nanomaterials for
Sensor Applications
Andrew F. Zhou 1,* and Peter X. Feng 2

1 Department of Chemistry, Biochemistry, and Physics, Indiana University of Pennsylvania,
Indiana, PA 15705, USA

2 Department of Physics, University of Puerto Rico, San Juan, PR 00936, USA; peter.feng@upr.edu
* Correspondence: fzhou@iup.edu

The significance of 1D and 2D nanomaterials in sensor technology lies in their unique
properties and the potential for high-performance sensing [1,2]. These materials offer
several advantages over traditional sensor materials, including a high surface-to-volume
ratio, quantum confinement effects, mechanical flexibility, versatile synthesis methods, and
multifunctional capabilities [3–5]. This Special Issue entitled “One-Dimensional and Two-
Dimensional Nanomaterials for Sensor Applications” presents a collection of 11 papers that
delve into various aspects of nanomaterials in sensing applications. These studies cover the
synthesis, characterization, and application of different nanomaterials, highlighting their
potential to enhance sensor performance, showcasing the latest research in the field, and
providing insights into future directions.

This issue focuses on the synthesis and fabrication of 1D and 2D materials, such as
nanotubes, nanowires, nanorods, graphene, and other 2D materials. These studies explore
different synthesis methods and their impact on the material’s properties and sensing capa-
bilities. For example, Ganesh et al. present a study on the synthesis and characterization of
pure and Mo-doped ZnO nanoparticles, which have potential applications in photocataly-
sis, water purification, and sensor technology (contribution 1). Dumitriu et al. report on
the fabrication of ZnO nanostructures derived from silk fibroin for amoxicillin sensing,
demonstrating good performance for electrochemical detection (contribution 2). Xiong et al.
demonstrated the synthsis of N-doped carbon dots using a one-step hydrothermal method
for Cu2+ ion detection with better selectivity and sensitivity (contribution 6).

The published papers highlight the research on surface functionalization and defect
engineering of nanomaterials for enhanced sensor performance. This includes modifying
the surface of nanomaterials to improve their selectivity, sensitivity, and stability towards
specific analytes. For instance, Saini et al. explore the sensing and detection capabilities
of a one-dimensional defective photonic crystal for malaria infection diagnosis, based on
the minute sensing of the refractive index of different RBC samples (contribution 3). Zarei
et al. present a colorimetric plasmonic hydrogen gas sensor based on a one-dimensional
nano-grating and thin-film Pd, which shows high sensitivity and selectivity for hydrogen
gas detection (contribution 4).

The applications of 1D and 2D nanomaterials in various sensing fields have been
explored, such as gas sensing, biosensing, and environmental monitoring. The papers in
this Special Issue demonstrate the potential of these materials in real-world applications.
Li et al. report a high-performance In2O3 UV photodetector with Pt nanoparticle surface
functionalization, which shows excellent responsivity and repeatability to a wide range of
UV lights (contribution 5). Kalygina et al. study the effect of UV and IR radiation on the
electrical characteristics of Ga2O3/ZnGeP2 heterostructures, which can be used as radiation
detectors in the IR range (contribution 7). Thach and Khai report on the synthesis and
characterization of ZnO nanowires and their application as gas sensors for NO2 detection
(contribution 8).

Crystals 2024, 14, 622. https://doi.org/10.3390/cryst14070622 https://www.mdpi.com/journal/crystals1
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This Special Issue also highlights the need for collaboration between different disci-
plines to address the challenges and opportunities in this area. Li and Yang’s study on the
strain-modulated electronic transport properties of two-dimensional green phosphorene
with different edge morphologies provides valuable insights into the design of electronic
nano-devices (contribution 9). Kalygina et al.’s investigation of resistive metal/β-Ga2O3/
metal structures with different interelectrode distances and electrode topologies for UV
sensing contributes to the development of efficient UV detectors (contribution 10). Barzegar
et al.’s work on the synthesis and characterization of Pt(tpy)Cl nanocrystals and their
application as a vapochromic sensor for the detection of acetonitrile vapors showcases the
potential of nanomaterials in chemical sensing (contribution 11).

Overall, the studies presented in this Special Issue highlight the diverse range of
applications and the potential of 1D and 2D nanomaterials in sensing, and emphasize
the importance of continued research in this field to further advance the development of
nanomaterial-based sensors. However, there are still challenges to be addressed, such as
improving the sensitivity, selectivity, and stability of sensors, as well as developing scalable
and cost-effective fabrication methods [6,7]. Future research should focus on these areas
to realize the full potential of nanomaterials in sensor technology. Additionally, interdis-
ciplinary collaboration between materials science, chemistry, physics, and engineering
will be crucial for the successful translation of these research findings into practical sensor
applications [8–10].

Conflicts of Interest: The editors declare no conflicts of interest.
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Abstract: Antibiotics are a novel class of contaminants that represent a substantial risk to human 
health, making their detection an important task. In this study, ZnO nanostructures were prepared 
starting from Bombyx mori silk fibroin and Zn(NO3)2, using thermal treatment. The resulting ZnO 
structures were characterized using SEM, FT-IR, and XRD. They had a fibrous morphology with a 
wurtzite crystalline structure, with nanometric dimensions. FT-IR and XRD confirmed silk fibroin’s 
disappearance after thermal treatment. To prepare modified electrodes for amoxicillin (AMX) anti-
biotic detection, ZnO nanostructures were mixed with Nafion polymer and drop-casted on an elec-
trode’s surface. Parameters such as drying time and concentration appeared to be important for 
electrochemical detection. Differential pulse voltammetry (DPV) was sensitive for AMX detection. 
The measurements revealed that the novel electrode based on ZnO nanostructures embedded in 
Nafion polymer has potential to be used for AMX electrochemical detection. 

Keywords: nanostructures; silk fibroin; electrochemical sensor 
 

1. Introduction 
One of the most frequently prescribed antibiotics for infectious diseases that can af-

fect humans (such as Anthrax, Lyme disease, pneumonia, gastroenteritis, otitis, vaginal 
infections, urinary infections, and oral infections) is amoxicillin (AMX) [1,2]. AMX, 6-(p-
hydroxy-α-amino phenyl acetoamido) penicillanic acid [3], is also a common antibiotic 
used in animal husbandry, and because of this, its residues may be found in animal prod-
ucts, other agricultural products, and the agricultural environment [4]. Such contaminants 
in processed beef pose a serious threat to human health and can harm kidney and liver 
functions [4]. Beta-lactam antibiotics such as AMX have a stable chemical structure, high 
levels of toxicity, and slow rates of biodegradation [2]. They can therefore readily be dis-
charged into the environment through wastewater from food and livestock production, 
human excretion, hospital wastewater discharge, and poor wastewater treatment [5]. 
Considering these, the monitoring of antibiotics such as AMX is very important. 

Multiple analytical methods have been used to detect AMX, primarily surface plas-
mon resonance, chromatography, capillary electrophoresis, liquid chromatography cou-
pled to tandem mass spectrometry (LC–MS-MS), spectrofluorometric and microbiological 
methods, enzymatic quantification, fluorescence, and spectrophotometry [2,3,6]. There is 
a need for simpler, less expensive, quicker, more sensitive, and more selective amoxicillin 
determination methods, because most current methods need time-consuming and expen-
sive sample pre-treatment procedures [2]. Due to their benefits, including low cost, easy 
operation, quick measurement, and strong sensitivity and selectivity, electrochemical 
techniques have been used extensively in the study of antibiotics in recent decades. Elec-
trochemical methods can also be used to quickly test for pollution on-site [5]. 
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Abstract: The vapochromic properties of [Pt(tpy)Cl](PF6) crystals in the presence of acetonitrile
and its effect on the crystal structure as well as the fluorescence spectrum of this complex have
already been studied in the past. We synthesized nanocrystals of this compound for the first time,
and discussed different parameters and methods that affect nanocrystal structure modulation. The
study demonstrates the vapochromic properties of the nanocrystals toward acetonitrile vapor by
investigating the morphology and fluorescence spectra of the nanocrystals. Vapochromic studies
were conducted on [Pt(tpy)Cl](PF6) nanocrystals for five cycles of absorption and desorption of
acetonitrile, demonstrating shorter response times compared to regular bulk crystals.

Keywords: Pt(II) complex; [Pt(tpy)Cl](PF6) crystals; [Pt(tpy)Cl](PF6) nanocrystals; vapochromic
crystals; vapochromic nanocrystals

1. Introduction

Vapochromic and vapoluminescent materials have garnered significant scientific in-
terest due to their potential applications as chemical sensors and modules for detecting
various environmental factors such as temperature, pressure, and the concentration of
chemical vapors, including volatile organic compounds (VOCs) [1–9]. Investigations in
this area have reported the color, fluorescence, and/or phosphorescence change in vapoc-
hromic materials through adsorption and/or desorption of vapors [10–18]. For example,
a study examined how [Pt(tpy)Cl](PF6) crystals change with the exposure to acetonitrile
(MeCN), a VOC, and how this affects their structure [10]. Another study explored how
exposure to water vapor causes a transition between hydrated and dehydrated forms
of Pt(tpy)Cl]ClO4, a square-planar Pt(II) complex, with reversible spectroscopic changes,
indicating recyclability [19]. Additionally, research on three specific square-planar Pt(II)
complexes found that exposure to VOC vapors induces luminescent switching properties
in all three complexes [20].

This vapochromic/vapoluminescent phenomenon occurs due to the splitting of the
complex ligand field and the alteration of distances between the Pt(II) ions in square-planar
Pt(II) complexes. However, designing a vapor-sensitive and selective sensor with these
properties has remained challenging [10,21]. The spectroscopic characteristics of square
planar Pt(II) complexes stem from interactions between Pt atoms. These interactions,
which are noncovalent, form quasi-one-dimensional stacked systems depending on the
ligands incorporated into the complex [22,23]. Initially, the Pt(II) units in the parent solid
complex have normal distances, but they rearrange into a continuous chain with short
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Pt···Pt overlaps in the new lattice formed after exposure to vapor [10]. Any variation
in these Pt···Pt interactions, caused by substitutions in the ligand and/or counterions as
well as various intermolecular interactions (e.g., hydrogen bonds, coordination bonds,
hydrophobic interactions), result in modulation of spectroscopic properties [24–27] due to
the changes in the complex’s lattice parameters. These changes in spectroscopic properties
make these complexes suitable for use as sensors in analyte detection.

When VOCs fill the gaps in the lattice of the Pt(II) complex, they rearrange the Pt···Pt
interaction, creating a new lattice. This rearrangement causes a change in the spectroscopic
properties of the complex. VOCs can be detected sensitively and selectively because they
match the size and shape of the voids [10]. Notably, VOCs are chemicals with high vapor
pressures at room temperature, posing environmental risks and health hazards. Therefore,
detecting them is crucially important.

Using fluorometry improves the vapochromic properties of the complex because
fluorescence spectroscopy is approximately a thousand times more sensitive and selective
compared to the UV/Vis absorption spectrophotometry. This increased sensitivity leads
to better detection limits. Therefore, the main purpose of our study is to achieve more
precise and accurate measurements. We synthesized nanocrystals of [Pt(tpy)Cl](PF6), to
the best of our knowledge for the first time. We discuss various methods and parameters
that influence the modulation of the nanocrystal structure. Then, we investigate the
vapochromic properties of these nanocrystals in response to MeCN vapor by analyzing
their morphology and fluorescence spectra after exposure to MeCN. This allows us to
examine the differences in vapochromism between crystals and nanocrystals and determine
their suitability for use in vapor sensors.

2. Experimental
2.1. Reagents

We purchased K2PtCl4 from Pressure Chemical, while both COD (1,5-cyclooctadiene)
and tpy (2,2′:6′2′′-terpyridine) were obtained from Aldrich. Additionally, NH4PF6 was
purchased from Alfa Aesar, and acetonitrile (MeCN), acetone, acetic acid, and hexane were
bought from Merck chemical company. Poly-alanine and sodium iodide were bought from
Sigma and Fisher Scientific, respectively. Deionized water was utilized in all experiments.

2.2. Apparatus

We used an Acton SpectraPro 300i spectrophotometer equipped with a photon counter
photomultiplier tube (PMT) detector to record the fluorescence spectra. Mass spectra were
obtained using a Micromass Q-time of flight (TOF) 2 instrument from Waters, Milford, MA,
USA. A Bruker AC 400 MHz NMR was used to characterize the synthesized compounds.
SEM images of both crystals and nanocrystals were collected using an FEI/Phillip XL 30
ESEM-FEG from F.E.I. Company (Hillsboro, OR, USA). X-ray powder diffraction (XRD)
patterns were acquired using a Philips X’Pert Powder Diffractometer from Malvern Pan-
alytical company (Malvern, UK), employing 0.413620 Å photons in transmission setup.
We used platinum striped mirrors to select incident photons, along with a double Si(111)
monochromator featuring an adjustable sagittal focus. Scattered beams were filtered using
(12) perfect Si(111) analyzer crystals. Discrete detectors spanning an angular range from
−6 to 16◦ 2θ were scanned across a 34◦ 2θ range. Data points were collected at intervals of
0.001◦ 2θ, with a scanning speed set at 0.01◦/s.

2.3. Synthesis of [Pt(tpy)Cl](PF6)

A total of 2.5 g of K2PtCl4 was weighed and added to a round bottom flask. Then,
60.0 mL of water and 80.0 mL of acetic acid were added, and the mixture was left under
an Ar bubble for 30 min. Afterward, 2.44 mL of COD was added using a syringe, and the
mixture was refluxed for one hour. To obtain a precipitate, the solution was filtered under
vacuum, and the obtained precipitate was washed with deionized water several times. The
precipitate was then placed under low vacuum in the hood overnight to obtain a powder
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of Pt(COD)Cl2. In the next step, 1.5 g of Pt(COD)Cl2 and 0.94 g of 2,2′:6′2′′-terpyridine
(tpy) were added to a 1000 mL round-bottom volumetric flask, followed by the addition of
800 mL water and 50 mL acetone. The mixture was refluxed with gentle stirring overnight
to dissolve [Pt(tpy)Cl]Cl. The solution was then transferred to a beaker, and a small amount
of NH4PF6 was added while the solution was still warm from the refluxing step. An
emulsion of [Pt(tpy)Cl](PF6) was formed (Figure 1) as a yellow precipitate via an anion
metathesis reaction between [Pt(tpy)Cl]Cl and NH4PF6 in water. The emulsion was filtered
under vacuum to obtain a powdered form of [Pt(tpy)Cl](PF6) [28,29]. If the filtrate remains
yellow, some additional NH4PF6 should be added to use the remaining Pt(tpy)Cl2.
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Figure 1. The chemical structure of the [Pt(tpy)Cl](PF6) [11].

Long, yellow crystalline needles of [Pt(tpy)Cl](PF6) are readily obtained through the
evaporation of a 1:1 acetone/water mixture at room temperature. Subsequently, the crystals
in the remaining water should be filtered using filter paper and a gravity funnel.

2.4. Vapochromic Studies of [Pt(tpy)Cl](PF6) Crystals

To record fluorescence spectra, the crystals of [Pt(tpy)Cl](PF6) were placed on a mi-
croscope slide with a layer of grease. Fluorescence detection was achieved by placing the
crystals at a right angle in front of the photon beam. Samples were exposed to air saturated
with MeCN at room temperature using a sealed plastic chamber (~1.0 L) with a MeCN
solvent reservoir (Scheme 1) to initiate the MeCN vapor absorption process. Subsequently,
the MeCN reservoir was removed, and the desorption process was monitored by recording
the fluorescence spectra. The absorption and desorption of the MeCN onto and from
[Pt(tpy)Cl](PF6) crystals were tracked by recording the fluorescence spectra at each step.
The excitation wavelength (λex) was 436 nm. The experiments were conducted at room
temperature (25 ◦C) and atmospheric pressure, where the vapor pressure of MeCN was
0.117 atm [29].
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Scheme 1. Instrumental set up for the fluorescence study of absorption and desorption of acetonitrile
onto and from [Pt(tpy)Cl](PF6) crystals.

2.5. Synthesis of Pt[(tpy)Cl]PF6 Nanocrystals

A total of 0.1 g of [Pt(tpy)Cl](PF6) powder was dissolved in a mixture of acetone
and water (95:5 v/v) in a 10 mL volumetric flask. A silicon surface, previously cleaned in
acetone and distilled water using ultrasound, was employed as a substrate. Using a micro
syringe, 1.0 µL of complex solution was dispensed onto the silicon surface.
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To investigate the effect of dispersion and heat on the size of [Pt(tpy)Cl](PF6) nanocrys-
tals, three different methods were employed, and scanning electron microscopic (SEM)
images were subsequently examined:

In Methods 1 and 2: a single drop of a solution containing [Pt(tpy)Cl](PF6) at a
concentration of 1.6 × 10−3 mol L−1 in a mixture of acetone and water (95:5, v/v) was
added to three drops of hexane (solution A).

Method #1. Subsequently, 1.0 µL of solution A was applied onto the silicon substrate
using a syringe (Scheme 2A).
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Scheme 2. Synthesis of Pt[(tpy)Cl]PF6 nanocrystals using [Pt(tpy)Cl](PF6) at a concentration of
1.6 × 10−3 mol L−1 in a mixture of acetone and water (95:5, v/v). (A) Method #1: dispersion of the
Pt[(tpy)Cl]PF6 solution in hexane, followed by deposition onto a silicon substrate. (B) Method #2:
dispersion of the Pt[(tpy)Cl]PF6 solution in hexane, followed by deposition onto a preheated silicon
substrate. (C) Method #3: deposition of the Pt[(tpy)Cl]PF6 solution onto a preheated silicon substrate.

Method #2. Using a syringe, 1.0 µL of solution A was dispensed onto a silicon substrate
preheated for 5 min in an oven at 105 ◦C (Scheme 2B).

Method #3. A total of 1.0 µL of 1.6 × 10−3 mol L−1 [Pt(tpy)Cl](PF6) solution in an
acetone and water mixture (95:5, v/v) was poured onto the preheated silicon substrate
using a syringe directly (Scheme 2C). The silicon substrate was preheated for 5 min in an
oven at 105 ◦C to facilitate rapid solvent evaporation.

To investigate the type of substrate on [Pt(tpy)Cl](PF6) nanocrystal structures, the
following procedure was implemented: First, 0.1 g of [Pt(tpy)Cl](PF6) was dissolved in a
mixture of acetone and water (95:5, v/v) in a 10.0 mL volumetric flask. Then, 1.0 µL of the
solution was dropped onto either a silicon or glass slide substrates, preheated in the oven
(105 ◦C) for 5 min. Then, SEM images were examined.

To study the effect of Pt[(tpy)Cl]PF6 stock solution concentration on nanocrystal
structures, the following procedure was performed: First, 0.02 g, 0.01 g, and 0.005 g of
[Pt(tpy)Cl](PF6) were individually dissolved in 10 mL of acetone/water mixture (95:5, v/v)
to produce 3.2 × 10−3, 1.6 × 10−3, and 0.8 × 10−3 mol L−1 stock solutions, respectively.
Then, 1.0 µL of each solution was dispensed onto the preheated silicon substrate (using
Method 3) to fabricate nanocrystals. Subsequently, SEM images were studied.

2.6. Vapochromic Studies of [Pt(tpy)Cl](PF6) Nanocrystals

A 3.2× 10−3 mol L−1 [Pt(tpy)Cl](PF6) solution (saturated solution) was prepared using
a mixture of acetone/water (95:5 v/v) in a 10.0 mL volumetric flask. A total of 1.0 µL of the
solution was dispensed onto a preheated silicon substrate at 105 ◦C. The silicon, held on a
glass slide, was positioned in front of the fluorimeter light source. The exposure to MeCN
vapor was conducted at room temperature using a sealed plastic chamber with a MeCN
solvent reservoir (Scheme 1). The absorption and desorption processes of MeCN onto
and from the [Pt(tpy)Cl](PF6) nanocrystals were monitored by recording the fluorescence
spectra for five cycles. The excitation wavelength (λex) was 436 nm. The experiments
were conducted at room temperature (25 ◦C) and atmospheric pressure, where the vapor
pressure of MeCN was to be 0.117 atm [29].
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3. Results and Discussion

3.1. Characterization of [Pt(tpy)Cl](PF6) Crystals by 1HNMR

The 1HNMR spectra of [Pt(tpy)Cl](PF6) were taken at room temperature to confirm
the synthesis of the compound. Chemical shifts were compared with the solvent (Figure 2).
Each peak in the NMR spectrum represented a hydrogen in the structure, as shown in
the figure. Therefore, the spectra could be analyzed separately as a four-spin system
for the protons of the terminal rings (protons 1, 2, 3, and 4, along with their symmetry-
related protons) and as an independent three-spin system for the protons of the central ring
(protons 5, 6, and the symmetry-related proton of 5). The chemical shifts corresponding to
the protons of terpyridine appeared at approximately 7.9 ppm for protons 2 and 2′, 8.5 ppm
for protons 3 and 3′, 8.6 ppm for protons 5, 6, 5′, 4, and 4′, and 8.9 ppm for protons 1 and 1′.
The peak at 3.3 ppm was attributed to water, and the peak at 2.5 ppm was attributed to
dimethyl sulfoxide (DMSO), which was used to dissolve the crystals of [Pt(tpy)Cl](PF6).
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Figure 2. Characterization of [Pt(tpy)Cl](PF6) crystals by 1HNMR.

3.2. Characterization of [Pt(tpy)Cl](PF6) Crystals by X-ray Powder Diffraction

The crystallinity of [Pt(tpy)Cl](PF6) was investigated by powder XRD in comparison
with the simulated powder pattern from Mercury software (version 3.7) [30] by using the
following parameters including temperature: 298.0 K; Start 2θ: 0 degree; End 2θ: 10 degree;
2θ step: 0.002 degree; calibration wavelength: 0.41362; FWHM: 0.05; and h, k, l: 0, 0, 1. The
X-ray powder diffractograms are presented in Figure 3. Both diffractograms have the same
pattern and characteristic diffraction peaks at 2θ degrees, confirming the formation and
purity of [Pt(tpy)Cl](PF6) crystals [30].
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3.3. Vapochromic Studies of the [Pt(tpy)Cl](PF6) Crystals
3.3.1. Studying Absorption/Desorption Cycle of MeCN Vapor in the Structure of
[Pt(tpy)Cl](PF6) Crystals

Figure 4A displays the fluorescence spectra of [Pt(tpy)Cl](PF6) (λex = 436 nm) crystals
before and after exposure to MeCN vapors. When excited at 436 nm, the crystals show
a consistent broad fluorescence band centered at 550 nm, which indicates high-quality
crystals of [Pt(tpy)Cl](PF6). After exposure to MeCN vapor in a sealed chamber (Scheme 1),
the fluorescence spectrum broadens further, with a peak at 680 nm and a shoulder around
600–610 nm (Figure 4A), indicating the formation of an intermediate structure. This red
shift suggests an increase in Pt. . .Pt interactions. To assess the fluorescence changes during
the desorption, spectra were collected after exposing [Pt(tpy)Cl](PF6) crystals to MeCN
vapors and then removing the MeCN source. The peak at 680 nm decreased while the
peak at 600 nm increased (Figure 4B). The final fluorescence spectrum post-desorption
differed from the initial one, suggesting that the original high-quality crystals could not be
restored after MeCN desorption. The increased fluorescence intensity at 600 nm suggests
the formation of solvated [Pt(tpy)Cl](PF6), consistent with the absorption fluorescence
spectra. When was exposed to MeCN vapors, the room-temperature fluorescence spectrum
(λex = 436 nm) showed a broad band at 685 nm, attributed to the primary spin-forbidden
metal–metal-to-ligand-charge transfer (MMLCT) transition [10,31]. The blue shift to 600 nm
indicated that MeCN vapor desorption led to an increased Pt. . .Pt distance, weakening
these interactions and destabilizing MMLCT states [10,31]. The 600 nm fluorescence band
might be linked to MMLCT from Pt. . .Pt dimers, while the 685 nm fluorescence band in
MeCN-vapor-exposed crystals was associated with MMLCT from a linear chain of closely
interacting Pt centers [10,31]. In more detail, in the yellow crystals, the dz2 orbitals are
further apart, but in the red form, they are closer, as shown in Scheme 3. This closer
distance boosts orbital interaction, forming dσ and dσ* orbitals. The higher energy of
the dσ* orbital allows easier electron transfer to ligand π* orbitals, causing a red shift in
fluorescence. Thus, yellow crystals exhibit metal-to-ligand charge transfer (MLCT), while
MeCN-exposed red crystals display MMLCT [10,31]. These interaction changes, combined
with alterations in crystal morphology due to MeCN exposure, result in asymmetrical
behavior in absorption/desorption fluorescence spectra. Previous studies have examined
single-crystal XRD measurements of [Pt(tpy)Cl](PF)6 crystals and MeCN-exposed ones [10].
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Scheme 3. The interaction of Pt-Pt orbitals to form dσ and dσ* orbitals and the possibility of
MMLCT [10,31]. In detail, the closer distance of the dz2 orbitals in MeCN-vapor-exposed crystals
produces dσ and dσ* orbitals. The higher energy of the dσ* orbital allows easier electron transfer to
ligand π* orbitals.

The process of absorption/desorption cycling of MeCN vapors in [Pt(tpy)Cl](PF6)
crystals was repeated multiple times. In the second cycle (Figure 5A,B), the maximum
wavelength of the fluorescence shifted to 700 nm during MeCN absorption and then to
600 nm during desorption. Repeating the cycles five times showed that the maximum
absorption peak remained at 700 nm (Figure 5C,E,G), while the desorption peak stayed at
600 nm (Figure 5D,F,H), consistent with the peaks in the second absorption/desorption
cycle. It is worth noting that the peaks’ intensity during the absorption and desorption
cycles is significant enough to confidently suggest this crystal as a sensor for MeCN vapors.
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crystals were then filtered using a gravity funnel and filter paper to obtain high quality 
crystals. It is crucial to avoid using a vacuum funnel, as it can create defects in the crystal 
structure. SEM images of the crystals are shown in Figure 6A–D, with different 
magnifications at (A) 100 µm, (B) 20 µm, (C) 20 µm, and (D) 10 µm scales, indicating that 
the crystals are defect-free. Microscopic images of these high-quality yellow crystals are 
presented in Figure 7A. When exposed to MeCN vapor, the color changes from yellow to 
red (Figure 7B) due to alterations in Pt…Pt interactions. Figure 8 shows SEM images of 
the crystals after the first (A), second (B), and fifth (C) absorption/desorption cycle of 
MeCN vapor. After the fifth cycle, changes in the crystal structure are evident. Cracks and 
defects begin to appear along the edges of the crystal (Figure 8A). These eventually cover 
most of the crystal surface and penetrate deep into the lattice structure (Figure 8B). During 
desorption, noticeable color changes from red to yellow spread from the crystal’s long 
edge, resulting in a yellow crystal with visible defects. The accumulated observations 
suggest that stress from vapor absorption and desorption leads to fracturing and the 
formation of defects, resulting in a loss of long-range order, as seen in Figure 8C. Previous 
XRD and single-crystal XRD data for [Pt(tpy)Cl](PF6) and MeCN-exposed [Pt(tpy)Cl](PF6) 
were collected to confirm changes in Pt…Pt distances upon vapor absorption/desorption [10]. 

Figure 5. Fluorescence spectra of the crystals of Pt(II) complexes (by time) during the second (A,B), third
(C,D), fourth (E,F), and fifth (G,H) absorption and desorption of acetonitrile vapor (λex = 436 nm).

3.3.2. Vapochromic Studies on the Microscopic and SEM Images of the [Pt(tpy)Cl](PF6)
Crystals before and after Being Exposed to MeCN Vapor

Long, yellow crystalline needles of [Pt(tpy)Cl](PF6) were grown by evaporating a
solution of [Pt(tpy)Cl](PF6) in a 1:1 acetone/water mixture at room temperature. The
crystals were then filtered using a gravity funnel and filter paper to obtain high quality
crystals. It is crucial to avoid using a vacuum funnel, as it can create defects in the
crystal structure. SEM images of the crystals are shown in Figure 6A–D, with different
magnifications at (A) 100 µm, (B) 20 µm, (C) 20 µm, and (D) 10 µm scales, indicating that
the crystals are defect-free. Microscopic images of these high-quality yellow crystals are
presented in Figure 7A. When exposed to MeCN vapor, the color changes from yellow
to red (Figure 7B) due to alterations in Pt. . .Pt interactions. Figure 8 shows SEM images
of the crystals after the first (A), second (B), and fifth (C) absorption/desorption cycle of
MeCN vapor. After the fifth cycle, changes in the crystal structure are evident. Cracks and
defects begin to appear along the edges of the crystal (Figure 8A). These eventually cover
most of the crystal surface and penetrate deep into the lattice structure (Figure 8B). During
desorption, noticeable color changes from red to yellow spread from the crystal’s long edge,
resulting in a yellow crystal with visible defects. The accumulated observations suggest
that stress from vapor absorption and desorption leads to fracturing and the formation of
defects, resulting in a loss of long-range order, as seen in Figure 8C. Previous XRD and
single-crystal XRD data for [Pt(tpy)Cl](PF6) and MeCN-exposed [Pt(tpy)Cl](PF6) were
collected to confirm changes in Pt. . .Pt distances upon vapor absorption/desorption [10].
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Figure 8. The SEM images of the [Pt(tpy)Cl](PF6) crystals after (A) first, (B) second, and (C) fifth
absorption/desorption of MeCN vapor.

3.4. Characterization of [Pt(tpy)Cl](PF6) Nanocrystals by Mass Spectroscopy

The nanocrystals formed on the silicon substrate were rinsed with MeCN and used
for mass spectroscopic analysis. The [Pt(tpy)Cl](PF6) complex weighed 12.0 µg, and the
MeCN volume was 50.0 µL. Using mass spectrometry–electrospray ionization (MS-ESI)
in positive ion mode, MeCN (CH3CN) showed an m/z of 463.0 for [Pt(tpy)Cl+]. In the
negative ion mode, MS-ESI showed an m/z of 144.9 for PF6

− . Notably, the instrument
was calibrated in positive ion mode using poly-alanine and in negative ion mode using
sodium iodide. The observed isotope patterns closely matched those predicted based
on natural isotopic abundances.

3.5. Investigation of the Effect of Dispersion and Heat on [Pt(tpy)Cl](PF6) Nanocrystal Sizes

The SEM images of the samples prepared using three methods (described in Section 2.5)
are displayed in Figure 9, with the corresponding width, length, and aspect ratio provided
in Table 1. In Figure 9A, nanocrystals created by dispersing the [Pt(tpy)Cl](PF6) solution
in hexane exhibited a large width of 170 nm, length of 3960 nm, and an aspect ratio of
26.1 owing to nanocrystal aggregation. This aggregation is attributed to the slow evaporation
of the solvent in the presence of hexane on a cold silicon substrate. Figure 9B shows structures
formed by first dispersing the solution in hexane and then pouring it onto a preheated silicon
substrate. These nanocrystals had the smallest widths of 22 nm, lengths of 101.3 nm, and the
lowest aspect ratio of 4.5. This likely occurred due to acetone’s higher volatility compared
to hexane, resulting in the formation of partially needle-shaped nanocrystals and partial
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evaporation over extended periods, hindering nanocrystal formation. Evaporating the solution
on a silicon substrate preheated in the oven, without initial dispersion in hexane, resulted in
nanocrystals with widths of 89 nm, lengths of 2519 nm, and a high aspect ratio of 26.4, as
shown in Figure 9C. This method generated more nanocrystals with reduced size and less
aggregation compared to those produced by Methods 1 and 2, without requiring dispersion in
hexane. This phenomenon is likely due to the miscibility of acetone and water, as well as the
volatility of acetone compared to hexane.

Crystals 2024, 14, 347 12 of 21 
 

 

shaped nanocrystals and partial evaporation over extended periods, hindering 
nanocrystal formation. Evaporating the solution on a silicon substrate preheated in the 
oven, without initial dispersion in hexane, resulted in nanocrystals with widths of 89 nm, 
lengths of 2519 nm, and a high aspect ratio of 26.4, as shown in Figure 9C. This method 
generated more nanocrystals with reduced size and less aggregation compared to those 
produced by Methods 1 and 2, without requiring dispersion in hexane. This phenomenon 
is likely due to the miscibility of acetone and water, as well as the volatility of acetone 
compared to hexane. 

The SEM images and the energy-dispersive X-ray spectroscopy (EDX) analysis, 
presented in Figures 9 and 10, respectively, confirm the formation of nanocrystals of 
[Pt(tpy)Cl](PF6) and reveal the presence of the elements from the compound, including Pt, 
C, N, Cl, P, and F. The SEM images suggest that the size of [Pt(tpy)Cl](PF6) nanocrystals 
can be modulated by changing the preparation conditions. Generating nanocrystals by 
depositing 1.0 µL of 1.6 × 10−3 mol L−1 [Pt(tpy)Cl](PF6) solution onto a preheated silicon 
substrate (for 5 min in an oven at 105 °C) using a syringe (Method 3) resulted in 
satisfactory nanometer-sized nanocrystal widths with a high aspect ratio, which were 
selected for further experiments. 

  
(A) (B) 

 
(C) 

Figure 9. The SEM images of the [Pt(tpy)Cl](PF6) nanocrystals synthesized under different 
preparation conditions: (A) Method 1: Deposition of dispersed [Pt(tpy)Cl](PF6) onto a silicon 
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Figure 9. The SEM images of the [Pt(tpy)Cl](PF6) nanocrystals synthesized under different prepa-
ration conditions: (A) Method 1: Deposition of dispersed [Pt(tpy)Cl](PF6) onto a silicon substrate,
(B) Method 2: Deposition of dispersed [Pt(tpy)Cl](PF6) onto a preheated silicon substrate, (C) Method
3: Direct deposition of [Pt(tpy)Cl](PF6) onto a preheated silicon substrate.

Table 1. The width, length, and aspect ratio of [Pt(tpy)Cl](PF6) nanocrystals generated using
1.6 × 10−3 mol L−1 [Pt(tpy)Cl](PF6) solution by various methods.

Method Mean Width (nm)
(n = 10)

Mean Length (nm)
(n = 10)

Mean Aspect Ratio
(n = 10)

1 a 170.0 3960.0 26.1
2 b 22.0 101.3 4.5
3 c 89.0 2519.0 26.4

a Method 1: Deposition of dispersed [Pt(tpy)Cl](PF6) onto a silicon substrate. b Method 2: Deposition of dispersed
[Pt(tpy)Cl](PF6) onto a preheated silicon substrate. c Method 3: Direct deposition of [Pt(tpy)Cl](PF6) onto a
preheated silicon substrate.
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The SEM images and the energy-dispersive X-ray spectroscopy (EDX) analysis,
presented in Figures 9 and 10, respectively, confirm the formation of nanocrystals of
[Pt(tpy)Cl](PF6) and reveal the presence of the elements from the compound, including
Pt, C, N, Cl, P, and F. The SEM images suggest that the size of [Pt(tpy)Cl](PF6) nanocrys-
tals can be modulated by changing the preparation conditions. Generating nanocrystals
by depositing 1.0 µL of 1.6 × 10−3 mol L−1 [Pt(tpy)Cl](PF6) solution onto a preheated
silicon substrate (for 5 min in an oven at 105 ◦C) using a syringe (Method 3) resulted in
satisfactory nanometer-sized nanocrystal widths with a high aspect ratio, which were
selected for further experiments.
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of 83 nm, a mean length of 233 nm, and an aspect ratio of 3.6. In Figure 11B, nanocrystals 
from a 1.6 × 10−3 mol L−1 stock solution exhibited a mean width of 88 nm, a mean length of 
209 nm, and an aspect ratio of 2.5. However, these structures appeared less uniform 
compared to the nanocrystals shown in Figure 11C, which originated from a 3.2 × 10−3 mol 
L−1 solution. The nanocrystals from this higher concentration displayed a mean width of 
53 nm, a mean length of 951 nm, and an aspect ratio of 17.9. Notably, these nanocrystals 
not only exhibited uniformity but also narrower width and a satisfactory aspect ratio.  

Figure 10. The EDX obtained from nanocrystals of [Pt(tpy)Cl](PF6), which confirms the presence of
the elements of the compound.

3.6. Effect of Pt[(tpy)Cl]PF6 Stock Solution Concentration on Nanocrystal Structures

The SEM images of the nanocrystals, produced by using various concentrations
of [Pt(tpy)Cl](PF6) stock solutions, are depicted in Figure 11, illustrating the sizes and
shapes of nanocrystals modulated by different solution concentrations. As shown in
Figure 11A, nanocrystals formed from an 8.0 × 10−4 mol L−1 [Pt(tpy)Cl](PF6) solution
had a mean width of 83 nm, a mean length of 233 nm, and an aspect ratio of 3.6. In
Figure 11B, nanocrystals from a 1.6 × 10−3 mol L−1 stock solution exhibited a mean
width of 88 nm, a mean length of 209 nm, and an aspect ratio of 2.5. However, these
structures appeared less uniform compared to the nanocrystals shown in Figure 11C,
which originated from a 3.2 × 10−3 mol L−1 solution. The nanocrystals from this higher
concentration displayed a mean width of 53 nm, a mean length of 951 nm, and an
aspect ratio of 17.9. Notably, these nanocrystals not only exhibited uniformity but also
narrower width and a satisfactory aspect ratio.
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Figure 11. Effect of Pt[(tpy)Cl]PF6 stock solution concentration ((A) 8.0 × 10−4 mol L−1, (B) 1.6 × 10−3 
mol L−1, (C) 3.2 × 10−3 mol L−1) on nanocrystal structures. 

3.7. Vapochromic Studies of [Pt(tpy)Cl](PF6) Nanocrystals 
3.7.1. Studying Absorption/Desorption of MeCN Vapor in the Structure of  
[Pt(tpy)Cl](PF6) Nanocrystals 

Figure 12 shows the fluorescence spectra of [Pt(tpy)Cl](PF6) nanocrystals (λex = 436 
nm) before and after exposure to MeCN vapor. Exciting the nanocrystals at 436 nm results 
in a consistent broad fluorescence band centered at 565 nm. Exposing the nanocrystal to 
MeCN vapor in a sealed chamber results in a slight decrease in intensity at 565 nm during 
initial MeCN absorption, but a red shift was observed from 565 to 585 nm. This exposure 
led to a broad fluorescence band with a maximum fluorescence at 715 nm and a shoulder 
near 580–585 nm (Figure 12A) due to the formation of an intermediate structure of 
solvated [Pt(tpy)Cl](PF6) nanocrystals. The red shift in the fluorescence band is consistent 
with an increase in Pt…Pt interactions [31]. During desorption, upon removal of the 
MeCN vapor source, a decrease in intensity at 715 nm and an increase in intensity at 585 
nm were observed (Figure 12B). The intensity of the 585 nm fluorescence band rapidly 
increases over a period of 16 min, but the final fluorescence spectrum differed from that 
of the initial [Pt(tpy)Cl](PF6) nanocrystals, indicating that the initial nanocrystals could 
not be restored after desorption. The increased intensity in the 585 nm shoulder with the 

Figure 11. Effect of Pt[(tpy)Cl]PF6 stock solution concentration ((A) 8.0 × 10−4 mol L−1,
(B) 1.6 × 10−3 mol L−1, (C) 3.2 × 10−3 mol L−1) on nanocrystal structures.

3.7. Vapochromic Studies of [Pt(tpy)Cl](PF6) Nanocrystals
3.7.1. Studying Absorption/Desorption of MeCN Vapor in the Structure of
[Pt(tpy)Cl](PF6) Nanocrystals

Figure 12 shows the fluorescence spectra of [Pt(tpy)Cl](PF6) nanocrystals (λex = 436 nm)
before and after exposure to MeCN vapor. Exciting the nanocrystals at 436 nm results in a
consistent broad fluorescence band centered at 565 nm. Exposing the nanocrystal to MeCN
vapor in a sealed chamber results in a slight decrease in intensity at 565 nm during initial MeCN
absorption, but a red shift was observed from 565 to 585 nm. This exposure led to a broad
fluorescence band with a maximum fluorescence at 715 nm and a shoulder near 580–585 nm
(Figure 12A) due to the formation of an intermediate structure of solvated [Pt(tpy)Cl](PF6)
nanocrystals. The red shift in the fluorescence band is consistent with an increase in Pt. . .Pt
interactions [31]. During desorption, upon removal of the MeCN vapor source, a decrease
in intensity at 715 nm and an increase in intensity at 585 nm were observed (Figure 12B).
The intensity of the 585 nm fluorescence band rapidly increases over a period of 16 min, but
the final fluorescence spectrum differed from that of the initial [Pt(tpy)Cl](PF6) nanocrystals,
indicating that the initial nanocrystals could not be restored after desorption. The increased
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intensity in the 585 nm shoulder with the loss of MeCN suggests that the short wavelength
shoulder results from deformation of [Pt(tpy)Cl](PF6) nanocrystals.
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Figure 12. Fluorescence spectra of the nanocrystals of [Pt(tpy)Cl](PF6) (by time) during the first
(A) absorption and (B) desorption of MeCN vapor (λex = 436 nm).

At room temperature, the fluorescence spectrum (λex = 436 nm) of [Pt(tpy)Cl](PF6)
nanocrystals exhibited a broad band at 715 nm when exposed to MeCN vapor, preliminarily
attributed to the primary spin-forbidden MMLCT transition of the lowest energy level [31].
The blue shift to 585 nm is consistent with MeCN desorption, causing an increase in the
Pt. . .Pt distances, weakening these interactions and destabilizing MMLCT states [31]. The
585 nm fluorescence band was indecisively attributed to a MMLCT transition resulting
from Pt. . .Pt dimers, whereas the 715 nm fluorescence band of the MeCN-exposed film was
assigned to an MMLCT transition resulting from a linear chain of closely interacting Pt
centers [31].

The process of absorbing and desorbing MeCN in the structure of [Pt(tpy)Cl](PF6)
nanocrystals was repeated multiple times. In the second cycle (Figure 13A,B), it was
observed that the maximum wavelength for the MeCN vapor absorption shifted to 720 nm
and then to 585 nm during desorption. Repeating the cycles five times showed that the
absorption peak remained at 720 nm (Figure 13C,E,G) while the desorption peak remained
at 585 nm (Figure 13D,F,H), consistent with the second desorption peak. Importantly, the
intensity of the peaks during the absorption and desorption cycles is sufficiently high to
propose this compound as a sensor for MeCN vapor detection.
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Figure 13. Fluorescence spectra of the nanocrystals of Pt(II) complexes (by time) during the second to
fifth absorption (A,C,E,G) and desorption (B,D,F,H) of MeCN vapor (λex = 436 nm).

3.7.2. Vapochromic Studies on the SEM Images of the [Pt(tpy)Cl](PF6) Nanocrystals before
and after Being Exposed to MeCN Vapor

Initially, the [Pt(tpy)Cl](PF6) nanocrystals appear well-shaped, with each nanocrystal
being individually distinguishable (See Figure 14). However, when exposed to MeCN vapor,
the nanocrystals appear to be destroyed, deformed, and merged (Figure 14B). Additionally,
SEM images of nanocrystals after five cycles of MeCN vapor absorption/desorption were
recorded (Figure 14C), demonstrating significant changes in the nanocrystal structure.
Unlike the crystals, there were no defects on the nanocrystal structures, but they had
merged and lost their original shapes. These observations suggest that the stress associated
with vapor absorption and desorption led to the malformation of nanocrystals, resulting in
the loss of their nanosized structure.
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Figure 14. The SEM images of [Pt(tpy)Cl](PF6) nanocrystals (A) before exposure to MeCN vapor 
(66–122 nm), (B) merged together (120–450 nm) after exposure to MeCN vapor, (C) after 5 cycles of 
MeCN vapor absorption/desorption. 

Figure 14. The SEM images of [Pt(tpy)Cl](PF6) nanocrystals (A) before exposure to MeCN vapor
(66–122 nm), (B) merged together (120–450 nm) after exposure to MeCN vapor, (C) after 5 cycles of
MeCN vapor absorption/desorption.
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3.7.3. Response Time of the [Pt(tpy)Cl](PF6) Nanocrystals for the Absorption/Desorption
of MeCN Vapor

The fluorescence signal intensity of [Pt(tpy)Cl](PF6) nanocrystals during the MeCN
vapor absorption over time was plotted. Figure 15 shows that during absorption, signal
intensity decreased over time at λ = 585 nm and increased at λ = 720 nm. Hence, either of
these wavelengths can be used to detect changes. Notably, during the first exposure cycle,
there was no change in signal intensity at λ = 585 nm, but changes in the first absorption
process could be tracked at λ = 720 nm. It is concluded from the response times that MeCN
vapor absorption onto [Pt(tpy)Cl](PF6) nanocrystals resulted in signal changes within a
period of less than 100 min.
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Figure 15. The [Pt(tpy)Cl](PF6) nanocrystals response time during MeCN vapor absorption at
(A) λ = 585 nm and (B) λ = 720 nm.

Similarly, the fluorescence signal intensity of [Pt(tpy)Cl](PF6) nanocrystals during
MeCN vapor desorption was recorded over time and plotted (Figure 16). It was observed
that during desorption, the signal intensity decreased over time at λ = 720 nm and increased
at λ = 585 nm. Hence, either of these wavelengths can be employed to detect changes.
The response times confirmed MeCN vapor desorption from [Pt(tpy)Cl](PF6) nanocrystals
occurred within a time period of less than 26 min.
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3.8. Comparison of the Response Times of MeCN Vapor Absorption/Desorption of the
[Pt(tpy)Cl](PF6) Crystals and Nanocrystals

The fluorescence-spectroscopy-monitored vapor absorption/desorption cycles,
repeated several times, have demonstrated the reliability and effectiveness of these
materials in real-world sensing applications. According to the data in Table 2, during
the first cycle of MeCN vapor absorption, [Pt(tpy)Cl](PF6) nanocrystals indicated a
response time of 100 min, compared to 11 h for [Pt(tpy)Cl](PF6) crystals. Subsequent
cycles of MeCN vapor absorption showed a response time of 10 min for nanocrystals,
compared to 9 h or 75 min for crystals, confirming that nanocrystals serve as superior
sensors. Although crystal defects in later cycles contribute to faster responses to MeCN,
the desorption time of MeCN vapor from nanocrystals and crystals remains almost the
same except for the first desorption from crystals.
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Table 2. Comparison of the response times to MeCN vapor absorption/desorption in the
[Pt(tpy)Cl](PF6) crystals and nanocrystals in 5 cycles.

Cycles Whole Absorption Time
(h)

Absorption Response
(min.)

Whole Desorption
Time (min.)

Desorption Response
(min.)

Crystal Nanocrystal Crystal
(I700/I600)

Nanocrystal
(I720/I585) Crystal Nanocrystal Crystal

(I600/I700)
Nanocrystal
(I585/I720)

1 48 11.5 11 h 100 70 36 45 20
2 18 7.5 9 h 10 40 36 25 24
3 2 9.3 75 10 44 34 28 24
4 2 6.0 75 10 40 36 24 24
5 2 6.0 75 10 38 60 26 26

4. Conclusions

This paper investigated the effects of various factors, including dispersion in hex-
ane, temperature, and stock solution concentration, on the fabrication of [Pt(tpy)Cl](PF6)
nanocrystals. Consequently, the fluorescence studies and SEM images confirmed that the
[Pt(tpy)Cl](PF6) compound is vapochromic with nanosized dimensions as well. Finally, sen-
sors constructed from [Pt(tpy)Cl](PF6) nanocrystals are expected to exhibit faster response
times compared to bulk sensors in MeCN vapor absorption/desorption detection.
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Abstract: Resistive metal/β-Ga2O3/metal structures with different interelectrode distances and
electrode topologies were investigated. The oxide films were deposited by radio-frequency magnetron
sputtering of a Ga2O3 (99.999%) target onto an unheated sapphire c-plane substrate (0001) in an
Ar/O2 gas mixture. The films are sensitive to ultraviolet radiation with wavelength λ = 254. Structures
with interdigital electrode topology have pronounced persistent conductivity. It is shown that the
magnitude of responsivity, response time τr, and recovery time τd are determined by the concentration
of free holes p involved in recombination processes. For the first time, it is proposed to consider hole
trapping both by surface states Nts at the metal/Ga2O3 interface and by traps in the bulk of the film.

Keywords: gallium oxide; MSM structures; UV radiation; traps; persistent conductivity; RFMS

1. Introduction

In recent years, the exploration of advanced materials for electronic devices has led to
the emergence of gallium oxide (Ga2O3) as a promising semiconductor for various applica-
tions, particularly in the development of detectors [1,2]. Gallium oxide, a wide-bandgap
semiconductor (Eg = 4.4–5.3 eV), exhibits unique properties that make it well suited for
high-performance ultraviolet sensors [3,4]. This compound has attracted considerable
attention in the field of optoelectronics due to its wide bandgap energy, excellent ther-
mal stability, and robust chemical properties [5,6]. Ultraviolet detectors (UVDs) based on
gallium oxide have found a wide range of applications in areas such as environmental
monitoring, flame detection, communication systems, biomedical applications, etc. [7,8].

The sensitivity of UVDs to UV radiation and their speed of operation are the main
parameters characterizing their ability to detect UV radiation and the time resolution of
the devices, respectively [9]. Previous works have demonstrated detectors based on Ga2O3
with high values of responsivity (R), detectivity (D*), and external quantum efficiency
(EQE) [10]. However, response times τr and recovery times τd exceeded several seconds. In
this regard, the development of ultraviolet detectors with minimal response τr and recovery
times τd as well as high sensitivity is an important task.

In β-Ga2O3, there are many deep traps in the bandgap, formed by structural defects
and impurities [11]. Deep traps in β-Ga2O3 can be classified into two types: majority
and minority traps. This classification is either based on their capability to capture an
electron (majority trap) or a hole (minority trap), which is clearly manifested in the capture
cross-section rate value, or depends on how close they are to the valence band maximum
and conduction band minimum [12].
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Recent research on deep electron traps in n-type β-Ga2O3 Schottky barrier diodes
(SBDs) has enabled the mapping of the upper half of the bandgap and revealed the presence
of four deep electron traps with activation energy values near Ec-0.6 eV (E1), Ec-0.79 eV
(E2), Ec-0.75 eV (E2*), and Ec-1 eV (E3) [12].

Ga2O3-based UVDs exhibit persistent conductivity [13]. This is due to holes that can
self-localize on defects in the gallium oxide crystal lattice [14]. As a result, the response
and recovery times of gallium oxide UVDs can be several minutes. Minority traps H1,
H2, and H3, with energies of about 0.2, 0.3, and 1.3 eV, respectively, above the valence
band maximum are the most known defects that are related to gallium vacancy [12].
Therefore, the study of the effect of traps on photoelectric performance plays a key role in
the development and optimization of gallium oxide detectors [15].

This work considers ultraviolet radiation detectors based on M/β-Ga2O3/M with
different interelectrode distances and topologies. The responsivity values of the structures
were compared with their response τr and recovery times τd. An analysis of their current–
voltage characteristics (I–V characteristics) was carried out over a wide voltage range. For
the first time, it was proposed to take into account surface states at the gallium oxide/metal
interface which are involved in the capture of free holes.

2. Experimental Procedure
2.1. Methodology of Structure Production

In this work, two types of detectors based on β-Ga2O3 were studied: detectors with
two parallel electrodes (the first sample type) and detectors with interdigitated electrodes
(the second sample type).

Electrodes for detectors of the first type were created by depositing a layer of platinum
on smooth sapphire substrates using the vacuum deposition method. In the next stage,
contacts were formed using explosive photolithography. The distance between the elec-
trodes was 250 µm (Figure 1a). A gallium oxide film 150–200 nm thick was deposited by
radio-frequency magnetron sputtering (RFMS) of a Ga2O3 target (99.999%) onto unheated
sapphire substrates using an AUTO-500 setup (Edwards, UK) in an Ar/O2 gas mixture.
The oxygen concentration in the mixture was (56.1 ± 0.5) vol. %. The distance between
the target and the substrate was 70 mm. The pressure in the chamber during spraying
was maintained at 7 × 10−6 bar. Then, the gallium oxide film was annealed in argon at
900 ◦C for 30 min. After annealing, the film transformed from an amorphous state to a
polycrystalline beta phase of Ga2O3 [16]. The wafer was then cut into 1.4 × 1.4 mm2 chips,
as shown in Figure 1a.
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The second type of detectors was prepared similarly, with the exception that a gallium
oxide film was first deposited onto a sapphire substrate. Following this, an interdigitated
topology of Ti/V-based electrodes was formed. Samples with interelectrode distance d
equal to 50, 30, 10, and 5 µm were obtained. The number of electrodes was 50, 75, 150,
and 200, respectively. The chips were 3.5 × 3.5 mm2 in size, regardless of interelectrode
distance (Figure 1b).

2.2. Structural Property Characterization and Electrical Measurements

X-ray diffraction (XRD) spectra of Ga2O3 films before and after annealing were mea-
sured by a Bruker D8 Discover (Bruker AXS GmbH, Germany) diffractometer (CuK α

radiation λ = 1.54 Å) with a position- sensitive linear detector LynxEye in Bragg–Brentano
geometry at anω = 0.5◦ angle offset from the normal position of the sapphire substrate.

The chemical composition of the samples was studied by X-ray photoelectron spec-
troscopy (XPS). XPS measurements were carried out using a hemispherical analyzer in-
cluded in the ESCALAB 250Xi (Thermo Fisher Scientific, Waltham, MA, USA) laboratory
spectrometer. The measurements were carried out using a monochromatized AlKa radi-
ation (hv = 1486.6 eV). Survey and core-level (Ga 2p, O 1s, Ga 3d) photoemission (PE)
spectra were recorded in the constant-energy mode of the analyzer with pass energies of
100 and 50 eV, respectively. The film’s surface was irradiated with argon ions at an average
energy of 500 eV for 300 s to remove adsorbed atoms and molecules of contaminants. The
analysis of the core-level spectra was processed using Avantage Data System software.

The spectral dependencies of the photoelectric properties were measured by means
of the spectrometric system based on a MonoScan 2000 monochromator (Ocean Insight,
Orlando, FL, USA) and a DH-2000 Micropack lamp, described in detail in [10]. A krypton-
fluorine lamp VL-6.C was used as the source of irradiation at λ = 254 nm and the light
power density P = 780 µW/cm2. The photoelectric and electrical properties of the samples
were measured by means of Keithley 2611B.

3. Results

Figure 2 shows the XRD spectra of the gallium oxide film before and after annealing
at 900 ◦C. Peaks at 2θ = 41.7◦ and 90.7◦ correspond to (0006) and (00012) crystals planes of
sapphire substrates. The gallium oxide thin film without annealing is amorphous (Figure 2,
black line). The film annealed at 900 ◦C has peaks of the monoclinic β-Ga2O3 phase
(Figure 2, red line and blue bars). A partial texture with a preferred orientation of (20-1)
Ga2O3 planes parallel to the substrate surface is formed in the annealed film.
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Figure 3 shows the survey spectra of the studied sample before and after 300 s etching
with argon ions. In both survey PE spectra, gallium (Ga 2s~1303 eV, Ga 2p~1118.1 eV, Ga
LMM~424.5 eV, Ga 3s~161.2 eV, Ga 3p~106.1 eV, and Ga 3d~20.8 eV) and oxygen lines
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(O KLL~976.5 eV, O 1s~531.4 eV, O 2s~24 eV) are present [17]. At the same time, the
survey spectrum measured from the surface before etching also contains carbon lines (C
KLL~1224 eV, C 1s~285 eV). After etching with argon ions, the intensity of the O 1s PE line
decreases significantly, and the intensity of the G 2p PE line, on the contrary, increases. This
result indicates a change in the [O]/[Ga] ratio. It is important to note that for a more correct
quantitative analysis and determination of the [O]/[Ga] ratio, the gallium Ga 3s and the
oxygen O 1s lines were used. This is due to the fact that the escape depths of photoelectrons,
which are determined by the inelastic mean free path (IMFP) of a photoelectron, for these
shells are ~2.2 and ~1.7 nm, respectively, while for the Ga 2p and O 1s shells, the IMFP
differs by almost 2 times (see Table 1). It is clearly seen that the [O]/[Ga] ratio differs before
and after ion etching; the reasons for this are outlined in the Discussion section.
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Figure 3. Survey PE spectra of the RFMS-deposited β-Ga2O3 film, measured before and after 300 s 
etching with argon ions. 

Table 1. Elemental composition of the RFMS-deposited β-Ga2O3 film. 

Ga2O3 
Film 

Concentration, at.% IMFP *, nm [O]/[Ga] 
[O] 

O 1s 
[Ga] 

Ga 3s 
Ga 
2p 

O 
1s 

Ga 
3s 

Ga 
3p 

Ga 
3d  

Surface (no etching) 59.80 40.20 
0.88  1.72  2.21  2.28  2.39  

1.48 
After 300 s Ar+ etching 54.4 45.6 1.19 
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Table 1. Elemental composition of the RFMS-deposited β-Ga2O3 film.

Ga2O3
Film

Concentration, at.% IMFP *, nm [O]/[Ga]

[O]
O 1s

[Ga]
Ga 3s Ga 2p O 1s Ga 3s Ga 3p Ga 3d

Surface (no etching) 59.80 40.20
0.88 1.72 2.21 2.28 2.39

1.48

After 300 s Ar+ etching 54.4 45.6 1.19

* IMFP—inelastic mean free path.

A detailed analysis of the core-level PE spectra measured after 300 s Ar+ etching
showed that the positions of the Ga 2p3/2, Ga 3d, and O 1s line maxima at the binding
energy are 1118.1, 20.6, and 531.1 eV, respectively. This result, together with the [O]/[Ga]
ratio, indicates that gallium is in the Ga2O3 compound (Figure 4) [18].
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Figure 4. Ga 2p, Ga 3d, and O 1s PE spectra of the RFMS-deposited β-Ga2O3 film, measured after 
300 s etching with argon ions. 
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Figure 4. Ga 2p, Ga 3d, and O 1s PE spectra of the RFMS-deposited β-Ga2O3 film, measured after
300 s etching with argon ions.

Figure 5 shows the transmission spectrum for β-Ga2O3 films. Gallium oxide films are
transparent in the near-ultraviolet (UVA) range. The transmittance values T decrease from
83% to 74.5% between wavelengths of 320 nm and 280 nm. The structures are solar-blind. The
optical bandgap of the β-Ga2O3 film was determined by analyzing the dependence of the
absorption coefficient α on photon energy hv, resulting in Eg = 4.8 ± 0.05 eV (Figure 5, inset).
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3.1. Structures of the First Type

The current–voltage characteristics of both sample types are symmetrical regarding
voltage polarity. The dependence of the dark current (ID) on the voltage (U) is linear
for detectors of the first type. ID values do not exceed 10-180 pA in the voltage range
−200 ≤ U ≤ 200 V (Figure 6a). The current–voltage characteristic maintains a linear shape
under UV exposure (Figure 6b). Ultraviolet radiation with a wavelength of 254 nm leads
to an increase in current by 3–4 orders of magnitude. Total current (IL) values increase
linearly under UV exposure to 1.6–1.7 µA with increasing voltage up to ±200 V. In Figure 6,
the IL1 and IL2 curves correspond to the currents measured during the first and second
measurements of the structures during continuous exposure to UV radiation.
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Figure 7. Time dependence of the normalized IL at λ = 254 nm, P = 780 µW/cm2, and U = 1 V. 

Figure 6. Dark current–voltage characteristics (a) and current–voltage characteristics measured
under exposure to radiation with λ = 254 nm (b). ID and ID1 are dark currents measured before (ID)
and immediately after turning off the UV radiation (ID1); IL1 and IL2 are currents measured during
exposure to radiation with λ = 254 nm.

Figure 6a shows that the dark current ID1 returns to its original values ID almost imme-
diately after exposure to UV radiation. The dark currents measured before and immediately
after turning off the UV light are consistent within experimental error (Figure 6a). Thus,
the structures do not exhibit “persistent conductivity”.

Figure 7 shows the time profile of the current structure under UV exposure with
λ = 254 nm. The response times τr and recovery times τd of the photocurrent are in
the millisecond range, confirming the absence of “persistent conductivity” in samples of
this type.
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3.2. Structures of the Second Type

The current–voltage characteristics of structures with interdigitated contacts (struc-
tures of the second type) and interelectrode distances of 50 and 30 µm are linear in the
range of 0 to 200 V (Figure 8).
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The dark I–V shape changes as the interelectrode distance decreases in structures with
interdigitated electrodes. Thus, the dark current–voltage characteristics of the samples with
an interelectrode distance of 5 µm and 10 µm cannot be represented by a linear dependence
of current I on voltage U in the range of the indicated voltages (Figure 9, inset). Figure 9
shows the dark current–voltage characteristics on a double logarithmic scale for samples
with an interelectrode distance of 5 µm and 10 µm in the voltage range 0 < V ≤ 200 V.
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The coordinates ln(I) from ln(U) contain linear sections. The slope of the first section
is 1.10 for the structure with an interelectrode distance of 5 µm and 1.63 for the second
section. For a structure with an interelectrode distance of 10 µm, the slope of the first
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section is 1.31, and for the second—3.80. Thus, the dark current–voltage characteristics of
samples with interelectrode distances d = 5 and 10 µm can be represented by power law
dependence I~Um, where m = 1 in the range of low voltages and m > 1 at higher electric
fields. Thus, the conductivity of structures of the second type in the absence of radiation
is determined by space-charge-limited currents (SCLCs) in a semiconductor with traps
unevenly distributed in energy (Figure 9). The relationship between current and voltage in
this case is determined by the following expression [19]:

J = Ncµe1−l
[

εε0l
Nt(l + 1)

]l(2l + 1
l + 1

)l+1 Ul+1

d2l+1 (1)

where Nc is the effective density of quantum states in the conduction band of gallium
oxide; ε—the relative permittivity of Ga2O3; ε0—the electrical constant; µ—electron mo-
bility; Nt is the concentration of traps in the Ga2O3 film; e—electron charge; l = m − 1.
Exponent l was determined from the slope of the current–voltage characteristic on a double
logarithmic scale. The transition voltage from Ohm’s law to SCLC is described by the
following expression:

UΩ→T =
ed2

εε0

(
l + 1

2l + 1

)(1+l)/l
Nt

(
n0

Nc

)1/l( l + 1
l

)
. (2)

From experimental data and Expression (2), it was found that the trap concentration
Nt was 2 × 1017 cm−3 and 6 × 1017 cm−3 for structures with d = 5 and 10 µm, respectively.
The value of Nt was calculated using n0 = 1 × 1017 cm−3 and Nc = 4 × 1018 cm−3 [20]. The
conclusion regarding SCLCs in these samples is consistent with the established concept of
multiple traps in the bandgap of β-Ga2O3 [21–23].

In structures with interdigitated electrodes (structures of the second type), the depen-
dence of current IL on voltage cannot be represented by a linear dependence, regardless of
the interelectrode distance (Figure 10a).
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Figure 10. Current–voltage characteristics of the second sample type with d = 30 µm. (a): IL1–IL4—
currents measured during exposure to radiation with λ = 254 nm; (b): ID—initial dark current, ID1—
dark current measured immediately after UV exposure, ID2—dark current measured immediately 
after ID1. 

Initially, IL increases linearly with increasing voltage, and then a slowdown in the 
growth of the light current is observed, followed by a decrease, for example, in the IL4 
curve in Figure 10a. 

Figure 10. Current–voltage characteristics of the second sample type with d = 30µm. (a): IL1–IL4—currents
measured during exposure to radiation with λ = 254 nm; (b): ID—initial dark current, ID1—dark
current measured immediately after UV exposure, ID2—dark current measured immediately after ID1.

Initially, IL increases linearly with increasing voltage, and then a slowdown in the
growth of the light current is observed, followed by a decrease, for example, in the IL4
curve in Figure 10a.

The light current increases with each subsequent measurement: IL1 < IL2 < IL3 < IL4 dur-
ing continuous exposure to radiation with λ = 254 nm (Figure 10a). Further measurements
lead to the stabilization of the light current: it reaches a stationary state.
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A similar behavior of the current–voltage characteristic under continuous UV exposure
is typical for samples with d = 10 µm (Figure 11a). In the region of strong electric fields,
a noticeable decrease in light current is observed with increasing voltage in the structure
(Figure 11a, curves IL1–IL8). The maximum points of IL from U were determined by
differentiation (Figure 11b).
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Figure 11. I–V characteristics of the second type of sample with d = 10 µm. (a) IL1–IL8 currents
measured during exposure to radiation with λ = 254 nm; (b) dependence of the maximum current
value and the corresponding voltage on the measurement number.

It should be noted that the behavior of the current–voltage characteristic is also affected
by radiation with energy hv < Eg. In [16], the influence of pre-exposure of the structure to
radiation with quanta of energy hv less than the bandgap Eg of gallium oxide on the behav-
ior of the current–voltage characteristic is considered. Pre-exposure to broadband radiation
increases the photocurrent IL1 generated by short-wavelength radiation and reduces the
deviation of photocurrents IL2, IL3, and IL4 from IL1 (first measurement) (Figure 12).
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Exposure to radiation with hν < Eg reduces the concentration of active trap centers
due to changes in their charge state. This leads to an increase in the photocurrent and
stability of detectors in the UV range [16].

Dark current ID takes some time to return to its initial value after exposure to UV
radiation. In other words, the samples have persistent photoconductivity. Figure 10b shows
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dark current–voltage characteristics measured at different times: before UV exposure (ID);
after UV exposure (ID1); and 30 s after UV exposure (ID2). The dark current measured
immediately after turning off the UV is 3–4 orders of magnitude higher than the initial
values of dark current ID at sample voltages 0 ≤ U ≤ 200 V. The presence of a maximum in
the ID1 curve is explained by the gradual relaxation of the residual current as the voltage
across the structure increases.

Thus, characteristics of structures with interdigitated electrodes are a large responsivity
value and the presence of “persistent conductivity”. Table 2 shows the responsivity R and
detectivity D* values for structures of the first and second types. The responsivity and
detectivity values were calculated using the following expressions [24]:

R =
IL − ID

Ps
, (3)

D∗ = R
√

s
2eID

(4)

where P—light power density, s—effective area, e—electron charge [7].

Table 2. Photoelectric characteristics of structures with different interelectrode distances under UV
irradiation, λ = 254 nm.

d, µm s, cm2 ID, A IL, A R, A/W D*, Jones Bias, V

5 0.0125 1.96 × 10−10 7.5 × 10−3 770 1.1 × 1016 30
10 0.0174 1.01 × 10−10 4.7 × 10−3 350 8.1 × 1015 30
30 0.0247 1.20 × 10−9 2.1 × 10−3 110 8.8 × 1014 200
50 0.0270 2.77 × 10−9 1.0 × 10−3 47 2.6 × 1014 200

250 0.0020 4.30 × 10−11 1.6 × 10−6 1.0 1.2 × 1013 200

4. Discussions

Based on the XRD and XPS spectra, as well as the dependence of the absorption
coefficient α on energy hv, it can be concluded that the film deposited using the RFMS
method is β-Ga2O3. However, in the XPS data, a significant decrease in the [O]/[Ga]
ratio from 1.48 to 1.19 was found after ion beam etching (see Table 1). This result is not
associated with the presence of an oxygen-depleted layer in the Ga2O3 film but is explained
by the removal of oxygen atoms from the Ga2O3 crystal lattice under the influence of argon
ions during long-term treatment of the film surface. This effect was previously observed
during the etching of various metal oxides with argon ions, as presented in [25]. Thus, the
film obtained in this work is represented by stoichiometric Ga2O3 with a low content of
oxygen vacancies.

Figure 13 shows the energy diagram of the M/Ga2O3/M structure. The energy
diagram shown takes into account the ratios of the work function of electrons from metals
χ0 used in our experiments (4.3 eV—Ti, V and 5.7 eV—Pt), and the electron affinity of
Ga2O3 (4.0 eV) [26,27].

The conductivity of structures for both types in the absence of radiation is determined
by space-charge-limited currents (SCLCs) in a trap semiconductor. The transition voltage
from Ohm’s law to the power law dependence of current on voltage depends on the
concentration of traps in the oxide film Nt and is proportional to d2, as follows from
Expression (2). Transition voltage increases with the increasing concentration of free traps
(those that have not captured electrons). It is assumed that in structures of the first type
with two parallel electrodes, the concentration of free traps is high. Therefore, it is not
possible to achieve a transition voltage in the voltage range 0 ≤ U ≤ 200 V. The high
concentration of free traps causes low responsivity values R (Table 2) and relatively short
response and recovery times.
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It is assumed that structures with interdigitated electrodes have a higher density of
surface states (Nts) at the M/Ga2O3 interface, which are divided into fast and slow. The
average energy density of surface states should be the same for all samples obtained in one
technological cycle. Then, the total number of Nts is determined by the contact perimeter
W. The W values for the studied samples depend on the topology of the contacts and are
given in Table 3. States above the Fermi level are able to trap holes at negative potentials
on contact (Figure 13). Trapped holes do not contribute to recombination. As a result, a
high concentration of generated electrons remains in the conduction band, which explains
the large responsivity values presented in Table 3. In addition, the accumulation of holes
on the negative electrode leads to the formation of an internal field.

Table 3. Time characteristics of structures under UV exposure with λ = 254 nm as a function of
electrode perimeter.

d, µm W, cm τr1, s τr2, s τd1, s τd2, s

5 39.8 0.63 15.5 0.02 2.12
50 9.95 0.28 14.5 0.05 2.30

250 0.16 0.07 1.72 0.051 0.53

Figures 10a and 11a demonstrate the significant impact of traps on the response
magnitude. The IL value increases until it reaches a steady-state value with each subsequent
measurement. The current–voltage characteristic’s behavior is due to the gradual filling
of traps. These traps capture electrons and do not participate in recombination processes
during subsequent measurements.

The structures with interdigitated electrodes exhibit a monotonic dependence of
current on voltage in the first measurement. However, the shape of the dependence of IL
on U changes with subsequent measurements (Figures 10a and 11a). Deviation from the
monotonic dependence of light current on voltage occurs at electric fields above a certain
critical value Ecr [28]. The critical field is defined as the electric field strength at which the
drift length LE is equal to twice the hole diffusion length (LE = 2Lp) [29].

As the voltage increases, IL becomes dependent on voltage in the form of a curve with
a maximum. The decrease in IL at voltages exceeding Vmax is due to the appearance of an
internal electric field Ein, in the opposite direction of the external field Eex. The voltage
Vmax, corresponding to the maximum value of the light current, increases with subsequent
measurements (Figure 11b). The effect is explained by an increase in internal field strength
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Ein with increasing photocurrent, and higher values of Eex are required to compensate for
it. It should be noted that the internal electric field plays a significant role at values of
IL = 10−4–10−3 A.

The time dependences of IL(t) are characterized by two processes: fast and slow
changes in current. The fast stage of change in IL is determined by processes of generation
of electrons from the valence band and excitation of electrons from trap centers located
below the Fermi level into the conduction band. The capture of electrons and holes at trap
centers occurs simultaneously with the generation process.

Slow processes are caused by recombination (mainly Shockley–Reed–Hall recombina-
tion) and capture by traps. The recombination rate ∆n/τn depends on the concentration of
free holes in the valence band. An increase in the concentration of free holes in the valence
band increases the rate of recombination. Thus, the stationary state is established faster,
determined by the radiation intensity and the voltage on the structure. In turn, trapped
pt holes do not participate in recombination. An increase in pt leads to a decrease in the
recombination rate and an increase in the response times τr and recovery times τd. Thus,
trapped holes cause high photocurrent values.

It is assumed that free holes are captured not only by defects in the bulk of the gallium
oxide film, but also by surface states at the metal/Ga2O3 interface. Table 3 shows the
response and recovery times for structures with different interelectrode distances. The P
parameter determines the perimeter of the contacts used. Times τr and τd were found as
the average value measured for each of the pulses shown in Figure 14.
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Figure 14. Time dependence of IL for structures with two electrodes (a) and with interdigitated
electrodes d = 50 µm (b) under UV exposure with λ = 254 nm and applied bias U = 1 V.

From Table 3 and Figure 14, we can draw the following conclusions:

1. The response τr and recovery times τd of the photocurrent in structures with interdig-
itated electrodes are described by the following expression [30]:

I = Is + A × exp(−t/τr1) + B × exp(−t/τr2), (5)

I = Is + A × exp(−t/τd1) + B × exp(−t/τd2), (6)

where Is represents the steady-state current and A and B are the fitting constants. τr1
and τr2 are fast and slow components of response times, whereas τd1 and τd2 denote
the fast and slow components of recovery times;

2. Structures with interdigitated electrodes have recovery times that are an order of
magnitude shorter than their response times;

3. The maximum value of IL decreases with each successive UV exposure (Figure 14b);
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4. The minimum values of τr and τd correspond to structures with two electrodes, which
have the lowest responsivity (Table 3).

The differences in responsivity values and time parameters between structures of the
first and second types are explained by the different concentrations of traps that take part
in the processes of generation and recombination.

Considering the metal/Ga2O3 interface, it is important to take into account the surface
states, whose number depends on the perimeter of the contacts W. The Table 3 shows that
the lowest W values were obtained for two-electrode samples. At a low concentration
of surface states, a large fraction of the generated holes remain free and are capable of
participating in recombination. Thus, there is a low concentration of electrons remaining in
the conduction band. Consequently, the response values R (Table 2) are relatively small,
and the values of τr and τd are fast (Table 3, Figure 14a).

Structures with large W values (d = 5 µm) exhibit maximum responsivity R and the
longest τr and τd times (Tables 2 and 3). Increasing the interelectrode distance to 50 µm
leads to a fourfold decrease in W. As a result, responsivity is reduced by one order of
magnitude, and recovery times are cut in half.

Studies of isotypic and anisotypic Ga2O3 semiconductor heterostructures confirm
the crucial role of free holes in responding to far-range UV radiation [31,32]. The pres-
ence of a source of free holes in the valence band of the semiconductor provides a high
recombination rate and low values of τr compared to similar data for samples with
interdigitated electrodes.

5. Conclusions

The electrical and photoelectric characteristics of thin-film M/Ga2O3/M structures
with two parallel electrodes (d = 250 µm) and interdigitated contacts with interelectrode
distances d = 50, 30, 10, and 5 µm were studied.

The dark currents of the studied structures, regardless of interelectrode distance,
were caused by currents limited by the space charge in the semiconductor. Traps were
exponentially distributed in the bandgap of gallium oxide. The concentration of trap
centers, estimated from experimental data, was (4–6)·1017 cm−3.

The relationship between the magnitude of responsivity and the time characteristics
for structures with different electrode topologies was considered. It was shown that the
response and time parameters τr and τd are determined by the concentration of free
holes p participating in recombination processes. However, the presence of free holes
depends on the concentration of traps that can capture the holes. For the first time, it
was proposed to take into account the capture of holes by the surface states of Nts at the
metal/Ga2O3 interface in addition to their capture by trap centers in the bulk of the oxide
film. The concentration of Nts depends on the topology of the electrodes, in other words,
on the perimeter.
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Abstract: Based on two-dimensional green phosphorene, we designed two molecular electronic de-
vices with zigzag (Type 1) and whisker-like (Type 2) configurations. By combining density functional
theory (DFT) and non-equilibrium Green’s function (NEGF), we investigated the electronic properties
of Types 1 and 2. Type 1 exhibits an interesting negative differential resistance (NDR), while the
current characteristics of Type 2 show linear growth in the current–voltage curve. We studied the
electronic transport properties of Type 1 under uniaxial strain modulation and find that strained
devices also exhibit a NDR effect, and the peak-to-valley ratio of device could be controlled by varying
the strain intensity. These results show that the transport properties of green phosphorene with
different edge configuration are different, and the zigzag edge have adjustable negative differential
resistance properties.

Keywords: first-principles calculation; negative differential resistance; green phosphorene

1. Introduction

In recent years, the development of molecular devices has led to significant advance-
ments in both simulational and experimental aspects. Molecular electronic devices exhibit
various physical phenomena, such as molecular rectification, spin filtering, and NDR [1–5].
These physical effects hold practical value in molecular devices.

After 2004, graphene was successfully isolated, offering excellent electrical proper-
ties and a two-dimensional structure as a new material for molecular electronic device
electrodes [6–11]. Similar to the preparation of graphene [12–16], two-dimensional black
phosphene was successfully stripped in experiments in 2014 [17–20]. Phosphorene pos-
sesses anisotropic in-plane characteristics, with a direct bandgap of 0.3–2 eV as its thickness
decreases from bulk to monolayer. Its carrier mobility is 103 cm2/Vs, which indicates that
phosphene has good electron transport properties. Due to its two-dimensional structure
and exceptional electrical properties, phosphorene has emerged as a promising material in
nanoelectronics and nanophotonics. In addition, phosphorus has a variety of allotropes,
such as white phosphorus, blue phosphorus, and red phosphorus. On the basis of first-
principles calculations, Han et al. designed a new allotrope of phosphorus, which they
named green Phosphorus [21], which has a direct band gap of 0.7 to 2.4 eV and strong
anisotropy in optical and transport properties [22].

Strain modulation is an important method that can change the electrical, optical, and
magnetic properties of materials by applying force to them. The study of Liu et al. men-
tioned that a moderate strain can induce an antiferromagnetic to ferromagnetic phase tran-
sition, driving monolayer MnB to a ferromagnetic metal with Weyl Dirac nodal loops [23].
Graphene, as a typical representative of two-dimensional materials, has excellent mechani-
cal strength and outstanding electrical properties. By introducing strain, the electrical prop-
erties of graphene, such as band gap and carrier mobility, can be adjusted [24]. Transition
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metal dichalcogenides (TMDs) [25] are a class of materials with significant spin-orbit cou-
pling effects, and their electronic structure and spin polarization can be controlled through
strain engineering. Strain modulation [26,27] controls electronic transport properties and
energy bands of electrons. In the works of Ren [28,29], the change of edge morphology
also has a large effect on the electronic properties of the material. He proposes that the
electronic properties of the isolated regions are different when cutting blue phosphene.
In addition, they discuss the differences in mechanical, electronic, and magnetic proper-
ties of various nanoribbons cut along typical crystal orientations from single-layer C3N
sheets. Considering the many effects of strain and edge morphology on two-dimensional
material properties, we choose to apply strain engineering and shear on two-dimensional
material green phosphene, and discuss the effects of strain and edge morphology on its
electronic properties.

In this work, we studied the structural transport and differences of single-layer green
phosphene devices with Zigzag edge configuration (Type 1) and whisker edge config-
uration (Type 2) by first principles calculation and the non-equilibrium Green function
method [30–37]. We select this Type 1 configuration to analyze its response to strain to
study their electron transport properties. The results show that Type 1 structures have
adjustable negative differential resistance properties under strain. This important property
comes from the structural properties under strain conditions, which help in the design of
electronic devices. Then, the corresponding mechanism of structural characteristic change
under negative differential resistance and the pressure strain is analyzed.

2. Materials and Methods

The considered model is shown in Figure 1 and consists of several single layers of
green phosphorene repeated in the z-direction. It has been demonstrated that single-layer
green phosphorene without hydrogen termination at the edges is a stable structure [38]. We
consider two different edge morphologies of monolayer green phosphene: one is zigzag,
and the other is whisker, which are labeled Type 1 and Type 2, respectively. Type 1 is the
existing structure, and Type 2 is obtained by cutting on the basis of Type 1. The molecular
device consists of three parts: the first part includes the left and right electrodes, the second
part is the electrode extension region, and the third part is the central scattering region. In
the simulation calculations, the central scattering region contains 60 phosphorus atoms. In
the molecular device structure, We perform n-type doping on the left and right electrodes
as well as the electrode extension region to generate a non-equilibrium state in the device
system, with a doping concentration of 1 × 1019 e/cm3. The doping concentration in our
simulated device structure corresponds to doping only a few electrons at the scale of our
device. During the device experiment, the device’s electrodes need to make contact with
metal electrodes, which also leads to electron injection. This effectively simulates the
realistic experimental environment. After geometric optimization, in Type 1, the bond
lengths between adjacent phosphorus atoms are measured to be 2.23 Å and 2.26 Å, as
shown in Figure 1a. In Type 2, the bond lengths between adjacent phosphorus atoms
are 2.25 Å and 2.26 Å, as shown in Figure 1b. This bond length is basically the same as
described in the literature [39]. The entire structure adopts an x-z coplanar configuration,
with the transport direction along the z-direction.

We perform the geometric optimization and calculation of transport properties for
Types 1 and 2, using the developed first-principles calculation software package (ATK) [40],
which combines DFT with NEGF theory. In the calculations of the energy bands, we employ
the Perdew–Burke–Ernzerhof (PBE) exchange-correlation functional within the generalized
gradient approximation (GGA). The grid cutoff value for the electrostatic potential of 285 Ry
is chosen, and the Fermi function is at a temperature of 300 K. A Monkhorst–Pack k-point
grid of 1 × 1 × 285 was chosen for the calculations. The lattice parameters and atomic
positions were fully relaxed, with energy and force convergence criteria set to 10−5 eV and
0.05 eV/Å, respectively. A vacuum spacing of at least 15 Å was added in the direction
perpendicular to the electronic transport plane to avoid interactions caused by periodic
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boundary conditions. For Type 1 and Type 2, we employ the NEGF method to calculate
their transmission eigenvalues spectra and current–voltage (I–V) curves. When a voltage is
applied, the electrochemical potentials of the left and right electrodes move accordingly.
The current at a specific bias voltage, Vb, is obtained using the Landauer–Büttiker formula:

I(V) =
2e
h

∫ µR

µL

T(E, Vb)[ fL(E − µL)− fR(E − µR)]dE, (1)

in this equation, µL(R) = EF ± eVb/2 represents the electrochemical potentials of the left
and right electrodes, where the potential difference between the electrodes is equal to
the bias voltage Vb. fL(E − µL)and fR(E − µR) are the Fermi distribution functions of the
left and right electrodes at equilibrium. T(E, Vb) is the electron transmission probability
function, and it is calculated using the retarded Green’s function G(E, Vb):

T(E, Vb) = Tr[ΓL(E, Vb)G(E, Vb)ΓR(E, Vb)G†(E, Vb)], (2)

in the above equation, ΓL(R) = i(∑L(R) −∑†
L(R)) represents the broadening matrices of the

left (right) electrode, where ∑L(R) is the coupling self-energy between the semi-infinite left
(right) electrode and the central region.

2.23Å2.26Å

e e

Type 1

2.23Å
2.25Å
2.26Å

Type 2

e e

（a） (b)

Z

Y

2.26Å

Figure 1. (a) Zigzag edge morphology of green phosphorus. (b) Whisker edge morphology of green
phosphorus. N-type doping is carried out within the green box, which includes electrodes and
electrode extension regions, with a doping concentration of 1 × 1019 e/cm3.

3. Results

Based on the above considerations, we calculate the band structures of the left and
right electrodes of Types 1 and 2, as shown in Figure 2a,c, which exhibit metal abundance.
Besides, we also calculate their partial state density and total state density, as shown in
Figure 2b,d, where the solid red line represents the state density of the upper and lower
edge atoms of Types 1 and 2, the blue line represents the state density of all phosphorus
atoms except the edge atoms, and the black line represents the state density of all atoms.
Near the Fermi level, whether in Type 1 or Type 2, the red line representing the density of
states (DOS) is higher than the blue line. This indicates that the DOS contributed by the
edge atoms is larger, and the electrons are more localized at the edge atoms. For Type 1,
because the phosphorus atoms at the edge have only one unformed bond, Type 2 has
two unformed bonds, resulting in a high local density of electrons at the edge of Type 2.
As one can see from the red line in the figure, DOS of Type 1 is 35 eV−1, while DOS of
Type 2 reaches 67 eV−1. From the observation of the band structure near the Fermi level
in Figure 2a,c, we find that two energy bands in Type 1 passing through the Fermi level
are distributed in the conduction band region near the Γ point, and in the valence band
region near the Z point, while Type 2 has four bands close to the Fermi level, which is an
important aspect. It must affect their response to strain and transport characteristics.
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Figure 2. (a,c) Band structures of the left electrode. (b,d) Total density of states and partial density of
states for Type 1 and Type 2, respectively.

After discussing the electronic structure of Type 1 and Type 2, in order to verify their
differences in electron transport caused by energy band structures, we construct electronic
devices and analyze their transport characteristics. The current–voltage (I–V) curves
calculated using the Landauer–Büttiker Formula (1) are shown in Figure 3a,b. The electron
transport properties of the two devices with different edge morphology are obviously
distinct. Among them, the current passing through Type 1 gradually increases with the
bias, reaching a maximum value of 34 µA at the bias voltage of 0.3 V, and then, when the
bias voltage increases, the current passing through Type 1 drops to the lowest value of
0.23 µA.

As can be seen from the illustration in Figure 3a, the minimum current of the device
is not zero. In contrast, the current through Type 2 increases linearly as the bias voltage
increases. The electron transport characteristics of the electronic devices also confirm our
previous theoretical analysis. In order to more clearly compare the electron transport
properties of the two systems, we calculated their transmission spectra under the bias
window with Formula (2), and the transmission spectra of the two structures are shown
in Figure 3c,d. From the transmission spectrum of Type 1, we find that the transmittance
of Type 1 has always been at a high level and observe that the transmission coefficient
below the Fermi level starts to drop from 0.3 V and then rises to about 1.0 V, which also
explains the reason for the NDR. For Type 2, in the bias window, there is a large number of
transmission values exceeding 1, and with the opening of the bias window, the transmission
value also gradually increases, which results in the I–V curves maintaining a linear increase
in current.
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Figure 3. (a,b) I–V curves. (c,d) Transmission spectra for Type 1 and Type 2, respectively. The black
dashed lines indicate the bias window.

Next, we discuss the response of Type 1 to strain and the effect of this regulation on
the NDR effect. We define the strain as ε = (a − a0)/a0, where a and a0 are the lattice
constants of the strained and the unstrained structures, respectively. When a strain occurs
in one direction, the other direction is relaxed. First of all, Figure 4a,c,e display the band
structure diagram, DOS diagram, and zero-bias transmission spectrum diagram when the
compressive strain is −2%, −5%, and −8% on the Y-axis, respectively.

It can be seen from the Figure 4 that the energy bands of the three groups and their
responses to transmission are different under different strain intensities. The energy band
of the strain structure varies greatly compared with that of the original structure. We note
that an energy band of the −2% strain structure crosses the Fermi level at the Γ point, where
the energy gap between the conduction band and the valence band is small and increases
rapidly. The energy gap at the Γ becomes smaller when the compressive strain is −5% and
−8%. Similarly, from the DOS diagram, we also show that the contribution of each atom
to the total electron orbital is also different under different compressive strains. When the
compressive strain is −2%, the density of states at the Fermi level is 0. The DOS at Fermi
level increases with the strain increase, and the peak value of −8% compression strain at
0.5 eV is higher than that at −5% compression strain. Besides, we note that the zero bias
transmission spectra of three different strain degrees that their response to different strain
degrees is corresponding to the band and DOS diagram. As can be seen from the figure,
with the compression along the y direction, the transmission coefficient of the zero-bias
transmission spectrum of several strain-configuration devices at the Fermi level exceeds 2,
but the difference is that the transmission spectrum of the −5% compression strain has a
very high peak value at 0.4 eV, while the transmission spectrum of the −8% compression
strain has two high transmission coefficient peaks at this energy point. Therefore, we
believe that the current transmission spectra of the device display distinct responses to
different compressive strain degrees. Next, we calculate the transmission spectrum of the
whole system under different bias voltages to verify this result.
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Figure 4. (a,c,e) Band structure on the left panel, DOS on the middle panel, and zero bias transmission
spectra for the left electrode of Type 1 on the right panel, when the applied strain is εy = −0.02,
εy = −0.05, and εy = −0.08, respectively. The red dashed line represents the Fermi level. (b,d,f) The
transmission spectra of Type 1 at strains of εy = −0.02, εy = −0.05, and εy = −0.08, respectively.
The black dashed line represents the bias window.

We calculated the transmission spectra under different strain conditions using
Formula (2). Figure 4b,d,f shows the transmission spectra with compression strains of −2%,
−5%, and −8%, respectively.The area between the two (black) dashed lines represents the
bias window, with bias ranging from 0 to 1.6 V. As shown in Figure 4b, the transmittance
of the device structure with a compression strain of −2% is always at a low level. In the
bias window, the area with a transmission coefficient greater than 1 appears before the
bias of 0.7 V, but after 0.4 V, the area covered by the part with a transmission coefficient
greater than 1 in the bias window gradually decreases, indicating that the peak current is at
0.4 V. For Figure 4d with a compression strain of −5%, we note that the high transmission
region appears before 0.5 V in the bias window. Unlike Figure 4b, most regions with a
transmission coefficient greater than 1 appear between 0.5 V and 0.9 V, indicating that the
current value of this part is higher than that of the structure with a compression strain of
−2%. For Figure 4f with a compression strain of −8%, the peak transmission also appears
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at 0.4 V, and with the increase of bias, it also maintains a high transmission coefficient in
most regions within the bias window.

From the transmission spectra of several structures, we obtained their I–V curves
using Formula (1). As shown in Figure 5a, the variations in the I–V curves of different
structures, represented by different colored lines, corresponded to the results we predicted
from the transmittance spectra. First, we can clearly see that the peak current of the strain
structure is significantly increased by about 15 µA compared with the original structure,
and the current of these strain structures increases rapidly with the increase of bias voltage,
reaching 0.4 V and then gradually decreases with the further increase of bias, and NDR
effects emerge. In particular, the I–V curves of strain structures show different peak-to-
valley current ratios. The peak-valley specific currents of εy = −0.02, εy = −0.05 and
εy = −0.08 are 9.27, 2.66, and 1.86, respectively. As shown in Figure 5b, we calculate
DOS for several strain structures. Corresponding to the color of the I–V curve, the green
line represents a device with a compressive strain of εy = −0.02, the red line represents
a device with a compressive strain of εy = −0.05, and the blue line represents a device
with a compressive strain of εy = −0.08. We observe that with the increase of compressive
strain, the peak value of DOS near the Fermi level of the device gradually increases, and the
peak value increases. This result is also mirrored by the I–V diagram of the device under
different strain conditions analyzed in the figure.

0.0 0.4 0.8 1.2 1.6
0

10

20

30

40

50

 C
ur

re
nt

  (
μ

A
)

Bias voltage (V)

 
 
 

ε     0=y
 
 ε     -0.02=y
 

 

 

ε     -0.05=y 

 
 

ε     -0.08=y

 
 
 
 

ε    y

 
 
 
 

 
 
 
 

 
 
 
 

ε    y

 
 
 
 

ε    y

(a) (b)

Figure 5. (a) I–V curves of Type 1 under different strain conditions. (b) DOS of the device under
different strain conditions.

4. Conclusions

In summary, in this study we investigated the current transport characteristics of
two different edge morphologies of green phosphorus devices. Firstly, we discussed
the distinct electronic and transport properties of the zigzag edge (Type 1) and whisker-
like (Type 2) configurations. Secondly, it was shown that the I–V characteristics of
Type 1 exhibited a NDR effect, while the current of Type 2 linearly increased with
bias. Thirdly, we also discussed the current transport characteristics of the Type 1
configuration under strain modulation. Fourthly, from the perspectives of the band
structure, the DOS, and the transmission spectra, we analyzed the physical reasons for
the transport differences under different strain modulations in detail. Finally, different
strain intensities proved to result in different peak-to-valley ratios of the current. These
results provide effective avenues for exploring the influence of edge morphology on device
transport and studying the response between strain and NDR effect. These results share a
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guiding significance for the design of electronic nano-devices made of two-dimensional
green phosphorene.
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Abstract: The purpose of this study is to synthesize and explore the relationship between the optical
properties and gas-sensing performance of ZnO nanowires (NWs). Well-aligned ZnO nanowire
(NW) arrays were synthesized on a silicon substrate using the thermal evaporation method without
any catalyst or additive. The structures, surface morphologies, chemical compositions, and optical
properties of the products were characterized using X-ray diffraction (XRD), field emission scanning
electron microscopy (FESEM) together with energy-dispersive spectroscopy (EDS), high-resolution
transmission electron microscopy (HRTEM), X-ray photoelectron spectroscopy (XPS), and photolumi-
nescence (PL) spectroscopy, and their gas-sensing properties for NO2 were examined. The results
showed that single-crystalline ZnO NWs with high density grow uniformly and vertically on a Si
substrate. The FESEM and TEM images indicate that ZnO NWs have an average diameter of roughly
135–160 nm with an average length of roughly 3.5 µm. The results from XRD confirm that the ZnO
NWs have a hexagonal wurtzite structure with high crystalline quality and are highly oriented in the
[0001] direction (i.e., along the c-axis). The deconvoluted O 1s peak at ~531.6 eV (29.4%) is assigned
to the oxygen deficiency, indicating that the ZnO NWs contain very few oxygen vacancies. This
observation is further confirmed by the PL analysis, which showed a sharp and high-intensity peak
of ultraviolet (UV) emission with a suppressed deep-level (DL) emission (very high: IUV/IDL > 70),
indicating the excellent crystalline quality and good optical properties of the grown NWs. In addition,
the gas-sensing properties of the as-prepared ZnO NWs were investigated. The results indicated that
under an operating temperature of 200 ◦C, the sensor based on ZnO NWs is able to detect the lowest
concentration of 1.57 ppm of NO2 gas.

Keywords: sensing; ZnO; thermal evaporation; nanowires; semiconductor

1. Introduction

Nitrogen oxide (NO2) is a strong oxidizing gas that has become one of the extremely
harmful gases that derive from combustion of fossil fuels and car exhaust [1,2]. Exposure
to NO2 gas results in serious damage to lung tissues and reduces the fixation of O2 on red
blood corpuscles, and the gas also contributes to acid rain as well as generating increased
ozone in the lower atmosphere [3]. Nowadays, due to the increase in the numbers of
cars, power plants, and factories, the concentration of NO2 gas in the air atmosphere has
increased rapidly [4]. According to health and safety guidelines, humans should not be
exposed to more than 2.5 ppm of NO2 [5,6]. Therefore, the development of gas sensors
for the precise detection of NO2 is of great importance for environmental monitoring and
human health protection.

In recent years, metal oxide semiconductors (MOSs) such as SnO2, ZnO, In2O3, WO3,
Fe2O3, NiO, Cu2O, etc., have attracted tremendous attention in the field of gas sensing
because of their low cost, simple fabrication methods, long life, high stability, and superior
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sensing performance [7–13]. Among them, zinc oxide (ZnO) is an n-type semiconductor
with a wide direct band gap of 3.37 eV (at 300 K), possessing a large exciton binding energy
(60 meV) and high electron mobility (100–200 cm2 V−1 s−1) [14,15], making it suitable not
only for gas sensing [16] but also for potential applications in solar cells [17], electronic
and optoelectronic devices [18], and catalysts [19]. In fact, due to its advantages of high
sensitivity, good oxidation resistance, great chemical–thermal stability, environmental
friendliness, and low cost, nanosized ZnO with different morphologies has been widely
employed to detect various gases including H2, H2S, NO2, NH3, CH4, CO, ethanol, and
acetone [16].

It is well known that gas-sensing performance strongly depends upon structural
parameters including crystal size, specific surface area, microstructure, crystallographic
planes and the crystallinity of sensing materials [20]. For instance, a decrease in crystal size,
an increase in surface-to-volume ratio, and high crystallinity are required to enhance the
sensitivity of gas sensors. Since sensing reactions take place mainly on the surface of the
sensitive material [21–24], the control of the size of the semiconductor materials is one of
the first requirements for enhancing the sensitivity of the sensor. Apart from these factors,
morphology also plays a critical role in governing sensing performance [25–29]. Therefore,
many efforts have been focused on the synthesis of ZnO nanostructures with different
morphologies, such as nanoparticles [30], nanorods [31], nanowires [32], nanotubes [33],
nanofibers [34], nanoflowers [35], and hierarchical nanostructures [36]. These nanostruc-
tured ZnO materials have higher surface-to-volume ratios compared with the bulk material,
which leads to there being more active sites for gas absorption and facilitates charge trans-
fer, thereby improving sensing performance. Recently, numerous efforts have been made
to investigate the relationship between the morphology and sensing properties of ZnO
nanostructures [37–41]. For example, Agarwal et al. [35] synthesized two types of ZnO
nanostructures, ZnO nanorods and flower-like ZnO nanostructures, using a hydrothermal
method. They reported that compared with nanorods, nanoflowers have a greater surface
area and more surface defects. Due to these differences, flower-like ZnO is able to adsorb
more target gas molecules, resulting in an enhanced gas response. Several researchers
have studied the use of ZnO nanorods for monitoring H2S gas, and their findings indicate
an improved capacity to detect H2S over other gases as well as showing an increased
response and selectivity through the use of ZnO nanorods compared with bulk ZnO ma-
terial [42,43]. In order to explore morphology-dependent gas-sensing properties, Zhang
et al. [44] prepared ITO materials with various morphologies, including film, nanoparticles,
nanorods, and nanowires, using a sputtering method. The results of this study indicated
that compared with the other materials, the nanowires possess a larger specific surface area,
a greater number of oxygen vacancies, and well-defined electron transport pathways, so
their sensing properties are the best. Furthermore, by adjusting the density of nanowires,
their sensing performance for ethanol gas was greatly enhanced. Compared with other
morphologies of ZnO nanostructures, ZnO NWs have recently drawn a large amount
of interest because of their distinctive geometric characteristics, high surface-to-volume
ratio, well-defined electron transportation direction, and lower agglomeration tendency.
These features are able to enhance the electron flow and affect the reaction between surface-
adsorbed oxygen and gas molecules, thereby improving the sensing performance [45–48].
Up to now, there have been many reports on the gas-sensing behavior of ZnO NWs for
various gases, which have exhibited excellent sensing performance [49–52]. The majority
of these ZnO gas sensors, however, are based on a single NW or tangled NW membrane
with no alignment. The vertically well-aligned NW arrays can provide a simple matrix
for studying the average effect of assembled NWs. However, so far, to the best of our
knowledge, little or no work has been reported on the application of vertical ZnO NWs
on the Si substrate for NO2 sensing. Recently, various methods have been employed for
the synthesis of ZnO NWs, including the hydrothermal [53], thermal evaporation [54,55],
chemical vapor deposition (CVD) [49], physical vapor deposition [56], and metal organic
chemical vapor deposition (MOCVD) methods [57,58]. Among these methods, thermal
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evaporation is frequently employed due to its ease of operation, environmental friendliness,
ease of scaling up, relatively low-cost process, etc. Moreover, with the use of this technique,
the as-prepared ZnO NWs show good quality [59,60]. Therefore, the purpose of this study
is to synthesize and explore the relationship between the optical properties and gas-sensing
performance of ZnO NWs using the thermal evaporation method.

2. Materials and Methods
2.1. Fabrication of ZnO Nanowires

The well-aligned ZnO NWs were grown via thermal evaporation deposition in a
horizontal tube furnace (OTF-1200x-STM, MTI Corp., Richmond, CA, USA) with an inner
diameter of 720 mm and a heating zone of 400 mm. Silicon wafers (Si (100)) with thickness
of 500 µm (Okemetic Co., Ltd., Tokyo, Japan) and size of 1 cm × 1 cm were used as
the substrate for the growth of ZnO NWs. Before the substrates were put inside the
chamber for growth, they were chemically etched with H3PO4 (85%, Merck Chemicals
Co., Ltd., Darmstadt, Germany) solution for 60 s to remove the native oxide layer (SiO2),
then sonicated with a mixture of acetone, methanol, and deionized water in a sonication
bath (Elma Select 60) for 10 min, and finally dried by air. The cleaned Si (1 cm × 1 cm)
substrates were placed on top of an alumina boat with a diameter and length of 1.5 and 4 cm,
respectively, containing about 0.25 g high-quality metallic zinc powder (75 µm, 99.99%,
Sigma-Aldrich, Burlington, MA, USA), and then put at the center of the furnace, where the
temperature is highest. The vertical distance between the zinc source and the substrate
was about 2.5 mm, with a downstream separation of 15 mm. The temperature inside the
furnace was raised from 20 ◦C to the reaction temperature of 620 ◦C at a rate of 20 ◦C per
min with Ar (99.99%, Bao Khanh Co. Ltd., Ha Noi, Vietnam) at a flow rate of 350 mL/min
The zinc source was thermally vaporized to grow ZnO NWs at atmospheric pressure under
Ar at a flow rate of 350 mL/min for 90 min at 620 ◦C. After the reaction, the equipment
was switched off and quartz tube was cooled naturally to room temperature under Ar at a
flow rate of 100 mL/min.

2.2. Material Characterization

The crystal structure and phase composition of synthesized samples were determined
via X-ray diffraction using a Bruker D8 Advanced diffractometer (Rigaku, Tokyo, Japan)
with CuKα radiation at λ = 1.54178 Å, operating at 40 kV voltage and 200 mA current.
Data were taken for the 2θ range of 25 to 75 degrees with a step of 0.02 degree and a
scan step time of 25 s. The surface morphology and compositions of the ZnO NWs were
examined using a scanning electron microscope (JEOL JSM-5900 LV SEM, Tokyo, Japan)
operated at an accelerating voltage of 20 kV and equipped with an energy-dispersive
spectroscopy (EDS) microanalysis. The microstructure of the NWs was observed with a
high-resolution electron microscope (HRTEM, JEM-2010, JEOL Ltd., Tokyo, Japan) operated
at an accelerating voltage of 200 kV. The elemental components and bonding configuration
of the ZnO samples were investigated using an X-ray photoelectron spectroscope (XPS,
VG Multilab ESCA 2000 system, East Grinstead UK) with a monochromatized Al K X-ray
source (hv = 1486.6 eV). Data analysis was carried out with XPSPEAK41 software using
mixed Gaussian–Lorentzian functions after Shirley background correction. The photolumi-
nescence (PL) measurements were performed with a laser Raman spectrometer (HORIBA
Jobin Yvon, iHR550) at room temperature, using a He-Cd laser-line with an excitation
wavelength of 325 nm and at a laser power of 25 mW. For the sensing measurements, a
thin (~100 nm) Au film was deposited on the ZnO NW samples via direct current (DC)
magnetron sputtering to form electrodes using an interdigital electrode mask. The elec-
trode pattern consisted of seven Au electrode fingers, each of them being 7 mm long and
0.5 mm wide, with 0.5 mm spacing. The gas-sensing characteristics were determined with
a Keithley source-meter model no. 2400 connected to computer. Two mass flow controllers
(MFC-3660) were applied to adjust the NO2 gas concentration and carrier gas (dry air). A
precise concentration of NO2 was produced via dilution from the standard concentration
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of NO2 (0.1% NO2 + 99.9 N2), as shown in Table 1. The concentration of the diluted NO2
was calculated using Equation (1):

Cdulited = Co
F1

F1 + F2
(1)

where F1 and F2 are flow rate of NO2 and carrier dry air, respectively, and C0 is 0.1%. Total
gas flow (target gas and dry air) was kept constant at 500 ppm. The resistance of the sensor
in dry air or in the target gas was measured at 200 ◦C when a potential difference of 1 V was
applied between the Au (~100 nm) electrodes. Sensitivity is one of the important factors
in determining gas-sensing performance. Mathematically, sensitivity (S) of the ZnO NW
sensor is defined as (Rg/Ra), where Ra and Rg are the electrical resistances of the sensor in
air and target gas, respectively. The response time (tresponse) is defined as the period in which
the electrical resistance of the sensor reaches 90% of the response value upon exposure
to the target gas, while the recovery time (trecovery) is defined as the period in which the
electrical resistance of the sensor returns to 10% of the response value after the target gas
is removed [61]. The sensing characteristics were investigated at NO2 concentrations of
2–10 pm, operating at temperature of 200 ◦C under atmospheric pressure.

Table 1. Volumetric flow rates of the target gas (NO2), dry air, and standard concentration of NO2

(Co = 0.1%).

MFC-1
NO2 (sccm)

MFC-2
Dry Air (sccm) NO2 Concentration in Tube: Cdulited (ppm)

1 499 2

3 498 6

5 495 10

3. Results and Discussion

The crystalline structure and phase composition of the synthesized samples were
examined using powder X-ray diffraction. A typical XRD pattern of the obtained ZnO NWs
is shown in Figure 1. From the pattern, it can be seen that all diffraction peaks at 2θ~31.8,
34.6, 36.4, 47.6, 56.7, 62.8, 67.8, and 72.5 can be indexed to the reflection from the
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)
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(
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)
,
(
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)
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(
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)
, and (0004) crystal planes of the hexagonal

wurtzite ZnO structure with the cell constants of a = 3.249 Å and c = 5.206 Å (JCPDS card
number: 36-1451, P63mc space group) [62,63]. The lattice constants of the prepared ZnO
NWs can be calculated as a = 3.249 Å and c = 5.185 Å with the c/a ratio = 1.5957. The unit
cell volume for deposited ZnO NWs was estimated by using [64]: V =

√
3

2 a2c, where a
and c are the lattice constants of the ZnO NWs. Accordingly, the calculated value of the
unit cell volume for ZnO NWs is 47.4 Å3. Therefore, the lattice parameters (a = b, c, V)
estimated for synthesized NWs are in good agreement with the reported crystallographic
data for ZnO [62,63,65]. The strongest peak intensity at the (0002) plane suggests that the
ZnO NWs are preferentially oriented in the c-axis direction or in a direction perpendicular
to the substrate surface. No traces of zinc, impurities, or substrates are detected from this
pattern, indicating that the ZnO NW samples were composed of a pure ZnO hexagonal
phase. It is widely known that the hexagonal crystal structure of ZnO is composed of
an alternating arrangement of tetrahedrally coordinated Zn2+ and O2− ions along the c-
axis [66]. The most common crystal faces found on the one-dimensional ZnO nanostructures
are polar Zn-terminated (0001) and O-terminated

(
0001

)
as well as nonpolar

(
0110

)
and(

2110
)

facets [67]. Therefore, adjusting the growth rate along the different directions can
induce anisotropic growth of ZnO. Kinetic studies have shown that incoming precursor
species tend to preferentially adsorb on the polar surfaces to decrease the surface energy
because the polar surfaces are less thermodynamically stable. Accordingly, the higher
surface energy facets grow faster than the others, and they usually have a smaller surface
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area. The sequence of the surface energy (E) of the facets in different crystallographic
directions of ZnO is commonly E[0001] > E

[
1011

]
> E

[
1010

]
> E

[
1011

]
> E[0001], which is

the same order as the crystal growth velocity, indicating the fastest growth rate in the [0001]
direction [68]. Thus, in the case of ZnO NWs, the fastest growth rate is along the c-axis,
resulting in the anisotropic growth of nanowires. Meanwhile, ZnO NWs with large areas of
nonpolar

(
0110

)
and

(
2110

)
facets are more energetically favorable [67]. This explanation

is supported by the XRD results, in which the (0002) peak intensity is much higher than the
others, indicating that ZnO NWs were formed along the c-axis in the [0001] direction (i.e.,
with predominantly exposed polar (0001) facets).

Crystals 2023, 13, x FOR PEER REVIEW 5 of 21 
 

 

sor species tend to preferentially adsorb on the polar surfaces to decrease the surface en-
ergy because the polar surfaces are less thermodynamically stable. Accordingly, the 
higher surface energy facets grow faster than the others, and they usually have a smaller 
surface area. The sequence of the surface energy (E) of the facets in different crystallo-
graphic directions of ZnO is commonly E[0001] > E[101ത1ത]> E[101ത0] > E[101ത1ത] > E[0001]ഥ , 
which is the same order as the crystal growth velocity, indicating the fastest growth rate 
in the [0001] direction [68]. Thus, in the case of ZnO NWs, the fastest growth rate is along 
the c-axis, resulting in the anisotropic growth of nanowires. Meanwhile, ZnO NWs with 
large areas of nonpolar (011ത0) and (21ത1ത0) facets are more energetically favorable [67]. 
This explanation is supported by the XRD results, in which the (0002) peak intensity is 
much higher than the others, indicating that ZnO NWs were formed along the c-axis in 
the [0001] direction (i.e., with predominantly exposed polar (0001) facets). 

 
Figure 1. XRD pattern of ZnO NWs. 

The morphology of the as-prepared samples was investigated using FESEM. Figure 
2a–d show typical FESEM images of the obtained ZnO NWs at different magnifications. 
These sample ZnO NWs were synthesized at a temperature of 620 °C with a synthesis 
time of 90 min. Figure 2a,b show the low-magnification FESEM images of the deposited 
ZnO NWs and confirm that large-area, uniform, and dense NWs are vertically grown 
across the surface of the substrate. The NWs possess a smooth and clean surface along 
their entire lengths. Figure 2c,d reveal high-magnification images of ZnO NWs, indicating 
that the top of the NWs is completely flat with a perfect hexagonal structure and the di-
ameter of the NWs is in the range of 160–200 nm with an area density of ~6.85/µm2. Figure 
3 illustrates the typical EDS spectrum of the as-grown ZnO NWs, indicating that there is 
no evidence of metallic elements in the NWs, and the as-prepared ZnO NWs exclusively 
include zinc and oxygen components. The existence of a Si peak in the spectrum is at-
tributable to the Si substrate. 

Figure 1. XRD pattern of ZnO NWs.

The morphology of the as-prepared samples was investigated using FESEM. Figure 2a–d
show typical FESEM images of the obtained ZnO NWs at different magnifications. These
sample ZnO NWs were synthesized at a temperature of 620 ◦C with a synthesis time of
90 min. Figure 2a,b show the low-magnification FESEM images of the deposited ZnO NWs
and confirm that large-area, uniform, and dense NWs are vertically grown across the surface
of the substrate. The NWs possess a smooth and clean surface along their entire lengths.
Figure 2c,d reveal high-magnification images of ZnO NWs, indicating that the top of the
NWs is completely flat with a perfect hexagonal structure and the diameter of the NWs is in
the range of 160–200 nm with an area density of ~6.85/µm2. Figure 3 illustrates the typical
EDS spectrum of the as-grown ZnO NWs, indicating that there is no evidence of metallic
elements in the NWs, and the as-prepared ZnO NWs exclusively include zinc and oxygen
components. The existence of a Si peak in the spectrum is attributable to the Si substrate.
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Figure 3. The EDS spectrum of ZnO NWs.

Detailed structural features of the as-prepared ZnO NWs are shown in Figure 4a,b.
Figure 4a shows that the obtained ZnO NWs possess a very smooth surface and a relatively
straight morphology with an average diameter of ~135–160 nm and a length of ~1.5–3.5 µm.
A typical HRTEM image is shown in Figure 4b. It can be clearly observed that the ZnO
NW contains no defects such as dislocations or stacking faults, indicating that it has a clean
surface structure with excellent quality. The inset in Figure 4b is a lattice-resolved HRTEM
image of a segment of a single ZnO NW. It can be clearly seen that the ZnO crystal lattice
is well oriented and there are no noticeable structural defects throughout the region. This
indicates that the obtained ZnO NWs are structurally uniform and defect-free. However, it
should not be assumed that the as-synthesized ZnO NW arrays are free of other defects,
such as vacancies and gaps, which may be invisible in HRTEM observations. As seen from
the inset in Figure 4b, the measured lattice spacing of the ZnO NW was around 0.26 nm,
corresponding to the distance between two (0002) crystal planes, indicating that the ZnO
NWs are grown in the [0001] direction. This is consistent with the XRD results.
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Figure 4. TEM images of the synthesized ZnO NWs: (a) conventional TEM; (b) HRTEM; the inset is a
high-magnification TEM image revealing that the measured lattice spacing of 0.26 nm confirms the
growth of ZnO NW in the [0001] direction.

The surface chemical compositions and their corresponding valence states of the
as-prepared ZnO NWs were further investigated via XPS, and the results are shown in
Figure 5a–d. All of the binding energies in the XPS analysis were corrected for speci-
men charging by reflecting them to the C1s peak position at ~284.6 eV [69]. Figure 5a
exhibits the wide-scan XPS spectrum, from which the peaks located at ~284.4, ~533.2, and
~1021.5–1045.5 eV, corresponding to the C1s, O1s, and Zn2p core levels, respectively, can
be observed clearly. Here, the peaks for Zn and O are expected to be from the ZnO material,
whereas the presence of the C peak is due to the adventitious carbon contamination as well
as the chemisorbed CO2 on the surface of samples when exposed to air after the growth,
before they are transferred to the XPS chamber (often observed in the XPS spectra of ZnO
available in the literature) [70,71]. A more detailed investigation of the chemical states of
Zn2p, O1s, and C1s was carried out, taking into consideration the high-resolution scans
from core-level XPS, as shown in Figure 5b–d. The XPS spectra were fitted by Gaussian–
Lorentzian functions after Shirley background correction using XPSPEAK41 software.
Shown in Figure 5b is the high-resolution C1s core-level XPS spectrum, which can be fitted
into four components. The main peak is centered at ~284.7 eV and represents C=C bonds
due to the adventitious carbon, while the peaks located at ~285.7, ~286.6, and ~288.7 eV
can belong to the C-OH group, C-O group, and carbonate phase (CO2), respectively. As
recorded, the high-resolution O1s core-level XPS spectrum (Figure 5c) can be deconvoluted
into three peaks with binding energies of ~530.3, ~531.6, and ~532.4 eV. The peak located at
~530.3 eV (~24%) is attributed to O2− species in the lattice (OLat) of the wurtzite structure
of hexagonal ZnO [72–76], whereas the peak centered at ~531.6 eV (~29.4%) is assigned to
the O2− state of oxygen defects such as oxygen vacancies (VÖ), oxygen interstitials (Oi), or
surface oxygen atoms, suggesting the formation of the nonstoichiometric ZnO. Finally, the
peaks at ~532.4 eV (~46.6%) are typically related to the chemisorbed or dissociated (OC)
oxygen species on the surface, such as O2, H2O, and CO2 [77–79]. As shown in Figure 5d,
the high-resolution Zn2p core-level XPS spectrum can be deconvoluted into two peaks
at binding energies of ~1022.4 eV and ~1045.5 eV, which are attributed to the spin–orbits
of Zn2p3/2 and Zn2p1/2 of tetrahedral Zn2+, respectively, confirming that the oxidation
state of Zn is +2 in the ZnO NWs [80,81]. The binding energy splitting between these two
components (∆BE) is 23.1 eV, which is consistent with previous studies [72].
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Figure 5. (a) Wide-scan XPS spectrum and high-resolution scan XPS of (b) C1s, (c) O1s, and (d) Zn2p
of ZnO NWs. C1s peak position at ~284.6 eV is used as a binding energy reference to correct the XPS
spectra in case of any charging effect.

The room-temperature PL spectrum of the ZnO NWs is presented in Figure 6. The
PL spectrum was deconvoluted via Gaussian–Lorentzian fitting. The PL spectrum is very
useful for analyzing any possible point defects in the NWs. Figure 6 shows that ZnO NWs
have a strong and narrow ultraviolet (UV) emission peak at ~379.5 nm (~3.27 eV) as well
as a broad and weak visible emission band that peaks at ~491 nm (~2.53 eV). The UV
emission is attributed to the recombination of free excitons between the conduction and
valence bands and is called near-band-edge emission (NBE) [82]. On the other hand, the
visible emission band is the so-called deep-level (DL) emission of ZnO, which consists of
the emissions associated with different types of DL defects in ZnO as well as surface states
of ZnO NWs, such as oxygen vacancies (VO) [83,84], zinc interstitials (Zni) [85], oxygen
interstitials (Oi), zinc vacancies (VZn), and antisite oxygen (OZn) [86]. Additionally, there
is a tiny PL peak at ~390 nm (~3.18 eV), which is caused by the electronic transition from
Zni states to the valence band maximum [87–89]. The intensity ratio between the UV and
DL peaks, IUV/IDL, is commonly used to estimate the defect density in ZnO [90]. Among
various synthesis techniques, the ZnO NWs grown through thermal evaporation frequently
reveal a very intense exciton emission [91–93]. The intensity ratio IUV/IDL recorded from
our samples is more than 77, which is higher than those reported in most of the literature
(see Table 2) [91–99], indicating that the prepared ZnO NWs have a high crystalline quality.
The poor DL emission indicates a low concentration of DL defects in ZnO NWs produced
by thermal evaporation.
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Table 2. Comparison of intensity ratios IUV/IDL of ZnO nanostructures synthesized using different
methods.

Morphology Synthesis Method IUV/IDL References

ZnO NWs Pulsed laser deposition ~11.9–45.4 [94]

ZnO nanorods Hydrothermal ~0.3 [95]

ZnO nanorods Hydrothermal ~0.6 [96]

ZnO nanorods Hydrothermal >19 [97]

ZnO nanorods Hydrothermal ~0.6–10 [98]

ZnO nanorods Thermal decomposition ~1.8 [99]

ZnO NWs Physical vapor deposition 2.5–4.7 [90]

ZnO NWs Thermal evaporation ~1.4 [91]

ZnO nanocolumns Thermal evaporation ~2.4 [92]

ZnO NWs Thermal evaporation ~16.2 [93]

ZnO NWs Thermal evaporation >77 Present work

The intrinsic point defects in nanostructured ZnO have been demonstrated to play a
crucial role in determining the performance of electronic devices [100–103], in terms of dop-
ing control, free charge density, minority carrier lifetime, and luminescence efficiency [104].
For instance, it has been shown that by increasing the number of surface defects in ZnO
NWs, highly sensitive UV sensors may be produced [102]. These surface defects can serve
as trapping or recombination centers for the charge carriers and lead to the formation
of a surface depletion region. A greater width of the depletion layer at the NW surface
leads to higher UV sensitivity. However, a density of defects on the NW surface that is
too high may cause negative effects on nanogenerator devices’ performance [100,101]. It
has been reported that ZnO nanostructures with high crystalline quality are known to
improve photocatalytic activity due to the enhanced separation efficiency of photogener-
ated electron–hole pairs [105,106]. In the study of nanostructured ZnO-based UV sensors,
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high electron mobility is considered to contribute to enhancing the photocurrent [107–109].
High electron mobility may be attained by improving the crystallinity of ZnO. Therefore,
precisely controlling the quality of the produced ZnO nanomaterials is critical in the pro-
duction of a high-performance electronic device. As mentioned above, the optical behavior
of the ZnO NWs is studied by analyzing the defect-related deep-level (DL) emission and
near-band-edge (NBE) UV emission in the PL spectrum of NWs. Two main features noted
in the PL spectrum are located at ~379.5 eV (~3.27 eV) and ~491 nm (~2.53 eV), and respec-
tively labeled as ultraviolet (UV) emission (IUV) and deep-level defect emission (IDL) peaks.
The DL emissions are usually caused by oxygen and zinc vacancies (VO and VZn) and
interstitials (Oi and Zni), antisites (OZn and ZnO), and hydrogen impurities [110]. The ratio
IUV/IDL can provide a qualitative indicator of the number of radiation defects in the pro-
duced nanomaterial. The higher the IUV/IDL ratio, the lower the number of point defects.
Therefore, controlling the defect states and entirely suppressing defect-related emissions
have become the most important issues for improving UV emission efficiency. DL emission
was believed to cause a decrease in UV emission intensity. Many studies have reported
that ZnO nanostructures obtained through wet chemical methods [95–98] usually exhibit a
low UV emission with relatively strong visible emission (IUV/IDL: ~0.3÷19), indicating the
presence of a large number of defects in the ZnO nanostructures. This is attributed to the
insufficient reaction caused by low synthesis temperature and residual precursors and/or
the formation of by-products during the synthesis process. This restricts the application of
these ZnO nanostructures in optoelectronic devices as well as biochemical sensors. Unlike
those prepared via other methods, the ZnO NWs prepared via thermal evaporation show a
very high ratio of IUV/IDL, over 77. This confirms the high crystallinity of the as-grown
NWs and the existence of a very low number of defects. These properties, along with
the lack of grain boundaries and the long-distance order, make ZnO NWs suitable for
applications in electronics, optoelectronics, photonics, solar cells, photocatalysis, etc. [111].

Figure 7a indicates typical resistance curves of ZnO NW sensors for 2, 6, and 10 ppm
NO2 gas. The NO2 sensing was measured at 200 ◦C, the moderate working temperature of
ZnO-based sensor devices [46,112]. After exposure to NO2 gas, the resistance of the sensor
increased, with the n-type behavior of the sensor being derived from the intrinsic n-type
behavior of ZnO. The resistance increased upon exposure to NO2 gas and approximately
recovered to the initial state after removal of NO2; variations in resistance were found to
be reversible behaviors. Also, as predicted, the sensor sensitivities (S) increase when NO2
gas concentrations increase. As seen in Table 3, the sensitivity of ZnO NW sensors changes
as a function of NO2 concentration. As the NO2 concentration rises from 2 to 10 ppm, the
sensitivity rises from 1.02 to 1.15. Figure 7b displays a typical response and recovery curve
of the ZnO NW sensor towards 2 ppm NO2 when operating at 200 ◦C. When the sensor
is exposed to 2 ppm of NO2 gas, an apparent increase in resistance is detected. In this
case, the sensor response and recovery times are recorded to be 340 and 760 s, respectively.
It was found that trecovery is larger than tresponse; this could be due to the fact that NO2 is
strongly bonded to oxygen vacancies on the ZnO NW surface, with almost three times the
bond strength of lattice oxygen (Eads = −0.30 eV) [113]; as a result, its desorption occurs at
a slower rate.
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Figure 7. (a) The changes in the sensor resistance of the as-prepared ZnO NWs in various concentra-
tions of NO2 at operating temperature of 200 ◦C. (b) Typical response and recovery times of the ZnO
NW sensor when exposed to 2 ppm NO2 at 200 ◦C.

Table 3. Sensitivities measured at different NO2 concentrations for the ZnO NW sensor at temperature
of 200 ◦C.

NO2 Conc. (ppm) Sensitivity (S)

2 1.02

6 1.09

10 1.15

The NO2 gas-sensing mechanism of ZnO NWs (n-type semiconductor) is mainly based
on the electric resistance change when NO2 gases make contact with the surface of the
ZnO NWs. In particular, in the air atmosphere, oxygen molecules act as electron acceptors
and are chemically adsorbed on the surface of ZnO NWs (see Equation (2)) [114–116].
By capturing electrons from the ZnO conduction band, oxygen molecules ionize on the
surface material to form chemisorbed oxygen ions. As a result, an electron-depleted region
develops on the ZnO surface, and a potential barrier is formed due to the decrease in
electron density, leading to a decrease in the number of electrons in the conduction band of
ZnO and an increase in resistance [117]. This is called the baseline resistance in air. The
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types of oxygen species adsorbed (O2−, O−, and O2
−) on the ZnO surface depend on the

ambient temperature, as can be expressed in Equations (3)–(5) below [118]:

O2(gas) ↔ O2(ads) (2)

O2(ads) + e−(surf) ↔ O2
−

(ads), T < 100 ◦C (3)

O2
−

(ads) + e−(surf) ↔ 2O−(ads), 100 ◦C < T < 300 ◦C (4)

O−(ads) + e−(surf) ↔ O2−
(ads), T > 300 ◦C (5)

O2−
(ads) ↔ O2−

(Lat) (6)

At low temperatures, oxygen is commonly adsorbed in its molecular state O2
−,

whereas at high temperatures it dissociates as atomic O− and O2−. Thus, there are two
types of oxygen species on the ZnO NW surface; one type is oxygen adsorption and the
other is lattice oxygen (O2−

(Lat)) (see Equation (6)). In this work, the sensors were oper-
ated at a low temperature of 200 ◦C. When the sensor is exposed to the atmosphere of
NO2 (strong oxidizing gas), the NO2 molecules not only withdraw the electrons from the
ZnO conduction band, but also interact with the oxygen species adsorbed on the ZnO
surface because of their stronger electrophilic properties (2.28 eV) compared with oxygen
(0.43 eV) [119–121]. This results in the increase in the width of the electron depletion layer
and junction potential barriers, which eventually increase the sensor resistance and gener-
ate a sensing response [122]. The absorption of NO2 on the ZnO surface is complicated;
however, it can be summarized by Equations (7)–(9) [123–127]. When NO2 gas supply
is stopped and the sensor is exposed to air again, NO can readily react with dissociated
oxygen species and releases the electrons back to the conduction band, causing NO2 to be
released into the air and reducing the resistance (see Equations (10)–(13)).

NO2(gas) ↔ NO2(ads) (7)

NO2(ads) + O2
−

(ads) + e−(surf) ↔ 2O−(ads) + NO2
−

(ads), T < 100 ◦C (8)

NO2
−

(ads) + O−(ads) + 2e−(surf) ↔ 2O2−
(ads) + NO(gas), 100 ◦C < T < 300 ◦C (9)

O2−
(ads) + 1/2O2 ↔ 2O−(ads) (10)

2O−(ads) ↔ O2
−

(ads) + e (11)

O2
−

(ads) ↔ O2(gas) + e (12)

NO(gas) + O−(ads) ↔ NO2(gas) + e (13)

It is known that point defects on ZnO surfaces play an important role in gas sensor
applications since they strongly influence electrical properties. For example, it has been
demonstrated that ZnO with a high density of oxygen vacancies has high electrical con-
ductivity [128,129]. Furthermore, it has been demonstrated that increasing the number
of defects or oxygen vacancies on the surface of sensing materials considerably improves
reactivity, thereby enhancing the sensing performance [129,130]. It was believed that oxy-
gen vacancies could act as favorable adsorption sites for NO2 molecules [131], leading to
an increase in the electrostatic interaction of reactive NO2 molecules with the ZnO NW
surface and consequently resulting in an increase in gas sensitivity. Indeed, several theo-
retical results suggest that surface defects such as oxygen vacancies can control the chemi-
cal/electronic properties and adsorption characteristics of metal oxide surfaces [132,133].
Very recently, using density functional theory (DFT) calculations, An et al. [113] determined
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that the adsorption energy of NO2 on the oxygen vacancy site is Eads = −0.98 eV, which is
three times larger than that on the perfect site (Eads = −0.30 eV), and hence, it was expected
that the charge transfer from the oxygen vacancy site to the NO2 adsorbate would be larger
than that from the perfect site to the NO2 adsorbate. This means that oxygen vacancies
form stronger bonds with NO2 molecules, attracting more charge from the ZnO surface
than would occur with an oxygen-vacancy-free ZnO surface. This finding is consistent
with the close correlation between the concentration of oxygen-vacancy-related defects and
the sensitivity of ZnO-based NO2 sensors [129,130]. Since NO2 is a strong oxidizing gas
with high electrophilicity (~2.28 eV), it directly chemisorbs on oxygen vacancy sites present
on the sensor surface, such that the adsorbed NO2 molecules can readily dissociate into O−

adatoms and release NO gas, following the reaction shown in Equation (14) [134]. In such
a case, one of the O atoms of NO2 fills the oxygen vacancy site, and the weakly bonded NO
can desorb from the surface [113]. In addition to this, the NO2 adsorption can also occur on
lattice oxygen (O2−

(Lat)), which further contributes to the sensing performance.

NO2(ads) + VÖ ↔ (VÖ − O−(ads)) + NO(gas) (14)

It is evident from the XPS and PL results (see Figures 5 and 6) that these ZnO NWs
contained very few oxygen vacancies and very little deep interstitial oxygen on the surface,
which may be considered as a factor contributing to the sensing performance. The more
oxygen vacancies there are in the material, the more sensitive the sensor is. It should be
noted here that the as-grown ZnO NWs possess excellent optical properties (i.e., a very high
IUV/IDL ratio); however, they can suffer from low sensitivity when the gas concentration is
at the ppb level. Recently, much effort has been carried out to correlate the gas sensitivity
with the point defects commonly present in ZnO [129,130,135–137].

In the gas sensors field, it has been indicated that the specific surface area is the
predominant factor in determining the sensing performance of a material. Generally,
the increase in the specific surface area of the material is favorable for increasing the
number of the adsorbed target gas molecules (e.g., NO2), thereby improving sensing
performance. The specific surface area of the material is usually dependent on its morpho-
logical structure [138], which can be adjusted according to the method and conditions of
preparation [40,41,139]. ZnO nanomaterials with a variety of sizes and shapes (including
nanoparticles, nanorods, nanowires, nanotubes, nanofibers, nanoflowers, and hierarchical
nanostructures) can be fabricated, and accordingly, their electrical and chemical properties
as well as their specific surface area may be adjusted [139,140]. This is compatible with the
gas-sensing characteristics of the material; the same materials with different morphologies
can produce different gas-sensing properties [141–145]. It is anticipated that in addition
to size/diameter [137] the length of nanowires can also have an impact on gas-sensing
performance. For instance, Shooshtari et al. [146] investigated the effect of ZnO nanowire
length on the sensing properties of CNT-ZnO samples. They indicated that as the lengths of
the ZnO NWs increased from 0.5 to 1.5 um, the sensor response increased up to 30%, due to
the adsorption site’s effects. Furthermore, by increasing the aspect ratio of ZnO nanorods
(length/diameter), the response to liquefied petroleum gas is greatly enhanced [31].

At present, the characteristic parameters of gas sensors, such as sensitivity, selec-
tivity, stability, response time, recovery time, analyte concentration, working tempera-
ture, power consumption, and detection limit, have been reported many times in the
literature [147–152]. Among them, selectivity is commonly used to evaluate the sensing
performance of materials. A sensor is called selective if it only reacts with the target analyte
and not with other components in a mixture. Hence, high selectivity confirms that the
sensor gives precise information about the presence and concentration of gases. The selec-
tivity of micro/nanostructured ZnO-based sensors can be calculated using Equation (15),
as follows [150]:

K =
Starget

Sinterference
(15)
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where Starget and Sinterference are the responses of a sensor towards target gas and interfering
gas, respectively. Chougule et al. [150] fabricated a gas sensor based on ZnO film for
detecting NO2, H2S, and NH3 and revealed high selectivity for NO2 over H2S in comparison
with NH3. In another study, researchers selected seven different gases, including ethanol,
toluene, methanol, NH3, acetone, CO, and isopropanol, as target gases to investigate the
gas response of a single-crystalline ZnO NW sensor [153]. They demonstrated that the
ZnO NW sensor exhibits a higher response to ethanol vapor as compared with the other
interference gases. The findings of their study indicated that the ZnO NW sensor had
superior selectivity towards ethanol vapor. The selectivity of the sensor based on our ZnO
NWs/Si-substrate samples is expected to be presented in another work (in preparation).
The limit of detection (LOD) is considered an important measure that reflects the sensing
performance. For high-performance sensor applications, a sensor should be able to detect
extremely low concentrations of the gases. The lowest concentration of an analyte or gas
that can be detected by a sensor under operating conditions is called its limit of detection.
The LOD is calculated using the following Formula (16) [154]:

LOD = 3
SD

Slope
(16)

where SD is the intercept standard deviation, as given below (17):

Standard deviation (SD) = Standard error ×
√

N (17)

(here, N is the number of data points).
To calculate the LOD of the sensor, we plotted a graph of the sensitivity curve of the

NO2 concentrations. Figure 8 displays the linear fitting curve to NO2 concentrations ranging
from 2 to 10 ppm, indicating that the gas sensor has high linearity for NO2 concentrations
ranging from 2 to 10 ppm. The calculated slope and standard error values are 0.01625 and
0.00493, respectively. According to the definition of LOD, the value of LOD for NO2 at
200 ◦C can be calculated using Equation (16):

LOD = 3
SD

Slope
= 3

0.00493×
√

3
0.01625

= 1.57 ppm.
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This result is comparable with previous findings for ZnO nanorod-based gas sensors,
in which the lowest detection limits were estimated as 10 ppb at 250 ◦C [155], 50 ppb at
300 ◦C [156], and 100 ppb at 250 ◦C [151] for NO2 gas.

4. Conclusions

In summary, well-aligned ZnO NWs were synthesized via the simple thermal evapo-
ration route without using any catalyst or additive. The obtained samples were analyzed
through various techniques such as XRD, FESEM, TEM, EDS, XPS, and photoluminescence
spectroscopy. The FESEM and TEM images indicated that the as-prepared ZnO NWs are
single-crystalline with a diameter in the range of 135–160 nm and an average length of
roughly 3.5 µm, and grow vertically on the Si substrates with homogeneous distribution.
The XRD and HRTEM results demonstrated that the ZnO NWs have a hexagonal wurtzite
structure and are grown preferentially along the c-axis (0002). The XPS and PL results
confirmed that the as-grown ZnO NWs are of high crystalline quality with very few oxygen
defects on the surface. The room-temperature PL spectrum of the as-prepared ZnO NWs
exhibited a sharp and strong UV emission (~380 nm) with a weak deep-level emission
(~491 nm), indicating good optical properties. These properties make ZnO NWs attractive
for application in fabricating high-performance optoelectronic devices. Additionally, the
ZnO NWs were used as a sensor, which exhibited good sensing performance for NO2 gas
at an operating temperature of 200 ◦C; this was likely due to their high specific surface area
and special atomic structure according to all the characteristics presented above.
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Abstract: The data on electrical and photoelectric characteristics of Ga2O3/ZnGeP2 hetero-structures
formed by RF magnetron sputtering Ga2O3 target with a purity of (99.99%) were obtained. The
samples are sensitive to UV radiation with a wavelength of λ = 254 nm and are able to work offline
as detectors of short-wave radiation. Structures with Ga2O3 film that was not annealed at 400 ◦C
show weak sensitivity to long-wavelength radiation, including white light and near-IR (λ = 808 and
1064 nm). After annealing in an air environment (400 ◦C, 30 min), ZnGeP2 crystals in contact with
Ga2O3 show n-type conductivity semiconductor properties, the sensitivity of Ga2O3/ZnGeP2 hetero-
structures increases in the UV and IR ranges; the photovoltaic effect is preserved. Under λ = 254 nm
illumination, the open-circuit voltage is fixed at positive potentials on the electrode to Ga2O3, the
short-circuit current increases by three orders of magnitude, and the responsivity increases by an
order of magnitude. The structures detect the photovoltaic effect in the near-IR range and are able to
work offline (remotely) as detectors of long-wavelength radiation.

Keywords: hetero-structure; UV radiation; IR range; response

1. Introduction

Technological progress is largely determined by obtaining high-quality semiconductor
materials of complex composition. ZnGeP2 (ZGP) is a semiconductor compound with a
chalcopyrite structure.

This is a p-type semiconductor with a bandgap Eg ≈ 2.0 eV at 300 K. ZGP crystals
are characterized by a wide transparency region (0.65–12 µm), high second-order elec-
trical susceptibility (d36 = 75 × 10−12 m/V), birefringence sufficient for phase matching,
low-temperature dependence of refractive indices, relatively high thermal conductivity
0.18 W/(cm * K), resistance to high humidity and aggressive environments, large values of
temperature, and angular and spectral phase-matching widths [1].

The electrical properties of ZnGeP2 have been studied less than other A2B4C5
2 com-

pounds, which is explained by the experimental difficulties that arise when measuring
transport effects in substances with high resistance. In [2], the results of studying a number
of characteristics of ZGP crystals are presented. The Hall effect measurements showed
that all samples had p-type conductivity. The concentration values for various crystals at
T = 300◦ K and the types of impurities used are given in Table 1.
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Table 1. Charge carrier concentration (p), mobility (Up), and acceptor impurity activation energy (Ea)
for various ZnGeP2 samples.

Doping
Impurity

Impurity
Action

P
(cm−3)

Up
(cm2/V s)

Ea
(eV)

- - 1.5 × 1010 60 0.65

Au inactive 2.5 × 1010 30 0.65

Cu inactive 1.0 × 1010 13 -

Se acceptor 2.5 × 1014 0.5 0.4

Ga acceptor 8.7 × 1016 0.18 0.31

In acceptor 1.4 × 1016 0.13 -

It can be seen from the results presented in [2] that the doping ZGP melt with group I
chemical elements, practically, does not lead to a change in the hole concentration compared
to the undoped crystal; however, the mobility of charge carriers decreases significantly.
Group VI impurities cause an increase in the hole concentration by four orders of magnitude;
they have the role of acceptors. The Hall mobility of holes decreased by approximately
two orders of magnitude compared to undoped material, which probably indicated an
increase in the concentration of impurity ions and structural lattice defects. A significant
increase in the concentration of holes is observed when elements of group III, gallium, and
indium are introduced into the melt. In these samples, a significant decrease in the value
of the Hall mobility is observed, as in the case of sample 3p. Based on the results of the
studies, it was determined that impurity elements of groups III and VI in the ZGP material
are effective acceptor centers.

ZnGeP2 samples grown under various conditions and subjected to subsequent high-
temperature annealing always have a p-type conductivity (from p0 = l × 1010 to 1 × 1016 cm−3)
and a hole mobility of 20–40 cm2/V * s [3–5], which is explained by the presence of zinc
vacancies [VZn] or germanium atoms at the sites of the phosphorus [GeP] sublattice. The
invariability of the type of conductivity indicates high stability on the part of structural
growth defects, which thus determines the properties of ZnGeP2.

Analyzing the temperature dependence of the electro-physical parameters in [2], the
values of the activation energy of the acceptor impurity were estimated by 0.2–0.7 eV. The
activation energies of deep centers increase with a decrease in the density of free holes in
the studied crystals. A similar effect was also observed in [2] when doping ZnGeP2 with
various impurities.

ZnGeP2 triple compounds are nonlinear crystals and are widely used in optical para-
metric oscillators, amplifiers, and other techniques based on the effects of nonlinear op-
tics [6] like sources of coherent radiation of the mid-IR range, which are used in the
following ways:

• In LIDAR systems for remote detection and quantification of gases based on the effect
of resonant absorption. The range from 3 to 10 µm is most effective [7];

• In medicine, e.g., minimally invasive neurosurgery (tissue ablation) with a wavelength
of 6.45 µm, requiring single high-energy pulses [8];

• In the evaporation and deposition of thin-film polymers;
• In spectroscopy and other scientific applications where high spatial and temporal

resolution is required, e.g., excitation and vibrational transitions in molecules or
inter-band transitions in semiconductor structures;

• Special military and civilian applications.

In addition to the applications aforementioned, this work presents the results of studies
of electrical and photoelectric characteristics of structures based on ZnGeP2 and gallium
oxide films, and their sensitivity to ultraviolet and infrared radiation.
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Ga2O3 is a transparent conducting oxide (TCO) that forms several polymorphs, such
as α, β, γ, δ, and ε [9–11], which can either be insulators or conductors depending on the
growth conditions from different techniques. Each polymorph can exhibit differences in
band alignment [12]. Polymorphs have slightly varying material properties in the crystal
space group. Differences between polymorphs include their properties in the crystal space
group and the coordination number of Ga3+ ions. Ga2O3 is an n-type semiconductor with
a bandgap of Eg = 4.8–5.3 eV. In the band gap of Ga2O3, there are local levels of defects,
mainly due to oxygen and gallium vacancies [13].

Gallium oxide has a number of practical properties, where Ga2O3 is a semiconductor
of n-type conductivity with a high specific resistance (ρ ≈ 1013 Ω·cm) that allows us to
create fluorescent capacitors with a wide set of wavelengths and gas sensors with high
stability and speed of operation even in conditions of high humidity. The use of oxide films
in semiconductor/Ga2O3 structures allowed for the development of various devices for
detecting UV radiation in outer space, flame detectors, and tracking the state of ozone holes.

The properties of the materials and the characteristics of the semiconductor/Ga2O3
interfaces depend on the method of manufacture, the thickness of the deposited layers [14],
the pressure of the gas mixture during manufacture [15,16], and subsequent technological
processes [17,18]. In turn, the processes at these interfaces determine the electrical and
optical characteristics of the structures when thin layers of gallium oxide are used. Often
devices of short-wave range, according to technical specifications, work in continuous
modes of UV radiation, including systems of protected short-range communication, UV
astronomy, and monitoring of ozone holes. In this regard, it is important to study the
detector behavior under UV continuous illumination. One of the promising areas of devel-
opment of short-wave radiation detectors is devices that can operate as self-powered UV
photodetectors. Such photodetectors have a simple design and, most importantly, involve
direct integration with metal–dielectric–semiconductor (MDS) fabrication technology.

2. Preparation of ZGP Substrates

A wire-cutting machine was used to cut ZGP ingot into plates with dimensions of
6 × 6 × 1 mm. The wire used in Figure 1 is a wire with a diameter of 0.08–0.35 mm. A wire
was used to improve cutting, on which a diamond-containing layer with a grain size of
10–60 µm was galvanized. The main advantage of wire cutting is that this method makes
it possible to obtain formed parts with minimal disruption of the crystal structure due to
low thermodynamic stresses that occur in the zone of contact between the wire and the
workpiece. When processing brittle materials, the force is about 0.15–2.00 N.

The plates obtained after cutting had non-flatness and non-parallelism, a significant
thickness of the damaged layer, and a spread in thickness. Technological operations of
grinding and polishing were sequentially carried out to obtain the specified values of the
thickness and surface roughness.

The block of elements was attached to the faceplate using wax glue and fixing equip-
ment. Grinding was realized by the free-lapping principle. The abrasive suspension is
collected from distilled water and diamond powder of the selected grain size, which is
selected from the given specification of the roughness class.

During the grinding process, the abrasive grains, which are not connected, form an
abrasive layer between the ZIP plates and the grinder, and rolling the particles of both the
processed material and the material of the grinder break out. On the processed plates, the
material is removed only from the side facing the grinder; the second side is the base.

When rotating in the same direction as the grinder and the faceplate with a block
of elements, the grains of the abrasive grains are pressed with one of their faces into the
grinder, and with the other, into the surface of the plates to be machined. In places of
contact with abrasive grains, cracks appear on the surface of the grinder and elements, the
maximum depth of which depends on the nature and size of the fractions of the selected
abrasive grains. When, because of repeated impacts of grains, the entire surface layer is
covered with similar cracks, subsequent grain movements in the same places will lead to
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the extraction of fragments of the plate and form “gouges”. A number of adjacent gouges
form a characteristic rough surface.
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Polishing of optical elements is the final operation and aims to eliminate surface
damage after grinding and to ensure high cleanliness (Figure 2) of the treated surface.
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The initial polishing of the working surfaces of all the studied samples was carried
out on a 4-PD-200 polishing and finishing machine (SZOS, Republic of Belarus). The initial
processing of the working surfaces of the samples consisted of polishing on a cambric-
polishing pad using synthetic diamond powder ACM 0.5/0 (average grain size 270 nm).
Next, the samples were additionally polished on a cambric polishing pad using synthetic
diamond powder ACM 0.25/0. The samples were then polished on a resin polishing pad
made from polishing resin using ACM 0.25/0 synthetic diamond powder.

3. Experimental Methodology

The Ga2O3/ZnGeP2 structures were formed by depositing a Ga2O3 film by RF mag-
netron sputtering Ga2O3 (99.99%) target onto polished ZnGeP2 substrates.
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Thin layers of gallium oxide were obtained on an AUTO-500 unit (manufacturer: Ed-
wards) in an Ar/O2 gas mixture. The oxygen concentration in the mixture was maintained
at (56.1 ± 0.5) vol.%. The distance between the target and the substrate was 70 mm. The
pressure in the chamber during deposition was 0.7 Pa. During the deposition of the oxide
film, the ZGP substrates were not heated. After the formation of the Ga2O3 film with a
thickness of 150–200 nm, Pt electrodes were deposited on the Ga2O3 film through a metal
mask, where the contact area to Ga2O3 is of s = 1.04 × 10−2 cm2. A solid ohmic contact (In)
was deposited onto the opposite surface of the ZnGeP2 substrate. Schematic of the device
structure is presented in Figure 3. Some of the samples were annealed in the air for 30 min
at 400 ◦C.
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The current–voltage characteristics (I-V), when no radiation (dark) and under UV
illumination, were measured at room temperature using a Keithley 2611B source meter. A
VL-6.C krypton-fluorine lamp with a 254 nm filter was used as a source of UV radiation
(UVr). The distance between the lamp and the sample was 1 cm, the radiation power was
8 × 10−6 W, and the incident radiation intensity was 0.78 mW/cm2. When working in the
IR range, lasers at 808 and 1064 nm were used. Regardless of the type of radiation, the
samples were illuminated from the side of the oxide film.

4. Experimental Data and the Discussion

Figure 4 shows the data of X-ray diffraction analysis of a gallium oxide film deposited
on a ZnGeP2 substrate by RF magnetron sputtering Ga2O3 (99.99%) target. The absence of
peaks in the curve for Ga2O3 indicates the amorphous phase of the oxide film.
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4.1. Electrical and Photoelectric Characteristics of Structures without Annealing

Figure 5 shows a schematic representation of the energy diagram of the Ga2O3/ZnGeP2
hetero-structure. Taking into account the electronic affinity of the materials in contact
(χGa2O3 = 4.0 eV, χZGP = 3.5 eV), the band offset of the conduction band is ∆Ec = 0.5 eV, and
the valence band is ∆Ev = 3.7 eV (Eg1 = 5.1 eV and Eg2 =1.9 eV).
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Figure 5. The schematic band diagram of the Ga2O3/ZnGeP2 hetero-junction.

The current–voltage (I-V) characteristics of Ga2O3/ZnGeP2 structures without an-
nealing at 400 ◦C are not symmetrical with respect potential sign on the Pt electrode: at
negative potentials on the contact to gallium oxide, the current increases faster than at
positive values of V, which corresponds to direct currents (Figure 6a).
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Figure 6. Current–voltage characteristics of the sample: (a) dark current (ID); (b) dark currents
(ID, ID1) and under UV continuous illumination (IL1–IL5); dark current measured immediately after
turning off the UV is indicated as ID1.

Under UV illumination, electrons from the valence band and from deep centers in the
band gap of Ga2O3 are generated into the conduction band of gallium oxide, which leads to
an increase in current in the structure. The current through the sample increases regardless
of the potential sign on the Pt electrode (Figure 6b). The structures exhibit a photovoltaic
effect, which allows to detect UV radiation offline. Open-circuit voltage Voc = 0.5 V and
short-circuit current Isc = 1 × 10−9 A. With repeated measurements of the I-V characteristics
during UV continuous illumination, the curves of the dependence of IL on V practically
coincide (Figure 6b, curves IL1–IL5), which indicates the stable operation of the structures
under UV continuous illumination.

The photocurrent Iph (the difference between the current during UV radiation (IL)
and dark current (ID)) is greater at V > 0 V. Figure 7 shows the dark I-V characteristics
before (ID) and after UV illumination (ID1), the light I-V characteristics measured during
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UV continuous illumination, and the dependence of the responsivity R as a function of
voltage in the range 0 ≤ V ≤ 5 V.

Crystals 2023, 13, x FOR PEER REVIEW 7 of 12 
 

 

 
Figure 7. Dependencies of dark currents before (ID) and after (ID1) UV illumination; currents under 
UV continuous illumination (IL1-IL4) and response R on voltage. 

After switching off UV radiation, the currents return to the original ID values meas-
ured before ilumination. For comparison, Figure 8 shows the dark I–V characteristics 
measured before (ID) and immediately after switching off the UV radiation (ID1). 

 
Figure 8. Dark I–V characteristics of the photodetector before (ID) and after (ID1) 254 nm illumination; 
I–V characteristics during white light illumination with power of 3 × 10−3 W (ILW). 

Close values of currents in most of the voltage range –1 V ≤ V ≤ +1 V indicate the 
absence of noticeable persistent conductivity in the samples. Analysis of the above data 
(Figures 3b and 6) shows that the currents during UV illumination (IL) exceed the dark 
currents ID by more than an order of magnitude. This allows to use Ga2O3/ZnGeP2 struc-
tures as UV detectors. Detector efficiency is determined by several parameters, including 
dark current ID, responsivity R, external quantum efficiency EQE, response time tr, and 
recovery time td [19]. 

The responsivity is calculated using the formula [19]: R ൌ  ூైି ூವ ௉ ,  (1)𝑃 is the light power. In accordance with the growth of 𝐼୐, there is an increase in the 
response with an increase in the voltage on the structure. At positive potentials on the Pt 
electrode, the light current exceeds the dark current by orders of magnitude; therefore, it 
is more advantageous to use such structures as UV radiation detectors at positive voltages 
at contact with gallium oxide. 

Figure 7. Dependencies of dark currents before (ID) and after (ID1) UV illumination; currents under
UV continuous illumination (IL1–IL4) and response R on voltage.

After switching off UV radiation, the currents return to the original ID values measured
before ilumination. For comparison, Figure 8 shows the dark I-V characteristics measured
before (ID) and immediately after switching off the UV radiation (ID1).
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Figure 8. Dark I-V characteristics of the photodetector before (ID) and after (ID1) 254 nm illumination;
I-V characteristics during white light illumination with power of 3 × 10−3 W (ILW).

Close values of currents in most of the voltage range –1 V ≤ V ≤ +1 V indicate the
absence of noticeable persistent conductivity in the samples. Analysis of the above data
(Figures 3b and 6) shows that the currents during UV illumination (IL) exceed the dark cur-
rents ID by more than an order of magnitude. This allows to use Ga2O3/ZnGeP2 structures
as UV detectors. Detector efficiency is determined by several parameters, including dark
current ID, responsivity R, external quantum efficiency EQE, response time tr, and recovery
time td [19].

The responsivity is calculated using the formula [19]:

R =
IL − ID

P
, (1)

P is the light power. In accordance with the growth of IL, there is an increase in the
response with an increase in the voltage on the structure. At positive potentials on the Pt
electrode, the light current exceeds the dark current by orders of magnitude; therefore, it is
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more advantageous to use such structures as UV radiation detectors at positive voltages at
contact with gallium oxide.

The external quantum efficiency EQE is calculated according to the following for-
mula [19]:

EQE =
hc
eλ

R, (2)

where h is Planck’s constant, e is the electron charge, c is the speed of light, λ is the
wavelength of incident light. In the range from 0 to 5 V, EQE increases from 4.7 × 10−4 to
2.8 × 10−2.

Another important characteristic of the detector is the specific detectivity D*
[cm × Hg0.5 × W−1], which characterizes the possibility of the photodetector to detect
extremely small signals and is calculated by the formula [19]:

D∗ = R
√

s
2eID

. (3)

where s is the area of the photosensitive region. The values of D* increase with increasing
voltage on the sample, and at V ≥ 4.5 V the curve of the dependence of D* on V tends to
saturation (Figure 9). The increase in the dark current ID with increasing voltage causes the
saturation region on the curve D* = f(V).
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Figure 9. Dependence of specific detectivity D* on voltage.

A small difference between the dark currents before (ID) and immediately after UV
illumination (ID1) (Figure 8) indicates the absence of noticeable persistent conductivity in
the studied structures. Figure 10a shows the profile of the time dependence of the current
of the Ga2O3/ZnGeP2 structure for three pulses switching on and off the UV radiation.
One of the pulses is shown in detail in Figure 10b. The response time tr and recovery time
td do not exceed 1 s (Figure 10).

The sensitivity of the samples to radiation with λ = 254 nm is explained by the
absorption of light in the wide bandgap of Ga2O3 film.

Ga2O3/ZnGeP2 structures with a gallium oxide film not annealed at 400 ◦C show
weak sensitivity to long-wave radiation. At V = +5 V, the current IL is 4.8 × 10−8 A at
λ = 254 nm and a power of 8 × 10−6 W, and when illuminated with white light with a
power of 3 × 10−3 W, the current ILW = 7.9 × 10−10 A, which is about two orders of
magnitude lower. However, if the oxide film is annealed at 400 ◦C in the air for 30 min,
then the Ga2O3/ZnGeP2 structures become sensitive to both UV and IR radiation.
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Figure 10. Time profile of the current when switching on/off the radiation with λ = 254 nm and
V = 1 V (a); start and end of a single pulse on a more detailed scale (b).

4.2. Electrical and Photoelectric Characteristics of Ga2O3/ZnGeP2 Structures after Annealing

Annealing leads to a significant change in the characteristics of Ga2O3/ZnGeP2 struc-
tures: direct currents are observed at positive voltages on the Pt electrode; dark currents
increase (Figure 11); and sensitivity to UV and IR radiation increases.
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Figure 11. Dependences of dark currents of samples without (ID) and after annealing (ID ann)
on voltage.

In structures with an annealed gallium oxide film, the sensitivity to UV and IR ra-
diation increases; the photovoltaic effect is preserved; Voc decreases to (0.3–0.5) V and is
fixed at positive voltages; and short-circuit current increases by three orders of magnitude:
Isc = (1.0–1.5) × 10−6 A (Figure 12).

After annealing, the responsivity R to λ = 254 nm at all voltages increases by an
order of magnitude; the maximum values of R are obtained at negative voltages on
the Pt electrode (Figure 12); at V = 0 V, the specific detectivity of the structures is
D* = 1 × 1012 cm × Hg0.5 × W−1.

Lasers with wavelengths of 808 and 1064 nm and powers of 500 and 100 mW, respec-
tively, were used as a source of IR radiation. Figure 10 shows the dark I-V characteristics
and the light ones under λ = 808 nm (Figure 13a) and 1064 nm (Figure 13b) illumination.
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vice, which has potentially important applications such as secure ultraviolet communica-
tion and space detection. 

It can be assumed that the sensitivity of the Ga2O3/ZnGeP2 structures to IR radiation 
with the annealed Ga2O3 film is due to the high transmittance T. However, the spectral 
dependences of T measured before and after annealing (Figure 14) refute this hypothesis. 
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Ga2O3/ZnGeP2 structures at λ = 254 nm on voltage.
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Figure 13. Dependences of dark (ID) and light I-V characteristics of Ga2O3/ZnGeP2 structure on
voltage during illuminating: with λ = 808 nm (P = 500 mW) (a); with λ = 1064 nm (P = 100 mW) (b).

Samples with an annealed Ga2O3 film have a photovoltaic effect under IR illumina-
tion, and the open-circuit voltage is observed at positive values of V. Under λ = 808 nm
illumination with P = 500 mW, the open-circuit voltage Voc = (0.57–0.60) V and current
Isc = 0.12 mA (Figure 11a) are recorded. Thus, the results from above show these structures
can function without an external power source, making it, therefore, a self-powered device,
which has potentially important applications such as secure ultraviolet communication and
space detection.

It can be assumed that the sensitivity of the Ga2O3/ZnGeP2 structures to IR radiation
with the annealed Ga2O3 film is due to the high transmittance T. However, the spectral
dependences of T measured before and after annealing (Figure 14) refute this hypothesis.
The question remains open, and research in this direction continues.
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5. Conclusions 
The electrical and photoelectric characteristics of Ga2O3/ZnGeP2 hetero-structures ob-

tained by RF magnetron sputtering Ga2O3 (99.99%) target on polished ZnGeP2 substrates 
are studied. The samples are sensitive to UV radiation with λ = 254 nm and are able to 
work as self-powered detectors of short-wave radiation. Structures with Ga2O3 film not an-
nealed at 400 °C show weak sensitivity to long-wave radiation, including the near-IR 
range (λ = 808 and 1064 nm). Annealing of the oxide film in the air (400 °C, 30 min) leads 
to an increase in the sensitivity of hetero-structures in both the UV and IR ranges. These 
structures can be used as radiation detectors in the IR range with the ability to operate as 
self-powered devices. 
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Figure 14. Transmission (T) spectra of Ga2O3 film without and after annealing.

5. Conclusions

The electrical and photoelectric characteristics of Ga2O3/ZnGeP2 hetero-structures
obtained by RF magnetron sputtering Ga2O3 (99.99%) target on polished ZnGeP2 substrates
are studied. The samples are sensitive to UV radiation with λ = 254 nm and are able to
work as self-powered detectors of short-wave radiation. Structures with Ga2O3 film not
annealed at 400 ◦C show weak sensitivity to long-wave radiation, including the near-IR
range (λ = 808 and 1064 nm). Annealing of the oxide film in the air (400 ◦C, 30 min) leads
to an increase in the sensitivity of hetero-structures in both the UV and IR ranges. These
structures can be used as radiation detectors in the IR range with the ability to operate as
self-powered devices.
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Abstract: Carbon dots have drawn extensive attention in the detection of metal ions with good
stability, excellent biocompatibility and low toxicity. Meanwhile, the quantum yield, response rate
and the detection mechanism for Cu2+ ions are vital to their development and application. To
obtain more selective and sensitive materials to detect Cu2+ ions, N-doped carbon dots (DN-CDs)
were synthesized by a one-step hydrothermal method using citric acid as the carbon source and
diethylenetriamine (DETA) as the nitrogen source. The obtained DN-CDs exhibited stable and intense
blue light emission and special near-infrared up-conversion fluorescence at 820 nm, attributed to the
effect of introducing N atoms into the structure of carbon dots. Due to the dynamic quenching of
the DN-CDs by Cu2+ ions, the fluorescence intensity (λex = 820 nm) of DN-CDs was quantitatively
decreased in the presence of Cu2+ ions. The DN-CDs had a rapid response within 3 min. The DN-CD
system exhibited a linear relationship with a concentration range from 2.5 to 50 µM and low detection
limit (LOD) of 42 nM. After careful investigation, an interesting conclusion was proposed: N-doped
CDs with N/O = 1:1 or higher with relatively abundant N atoms prefer to detect Cu2+ ions while
those with N/O = 1:2 or lower prefer to detect Fe3+ ions.

Keywords: carbon dots; up-conversion fluorescence; Cu2+ ions detection

1. Introduction

Industrial pollutants pose serious threats to nature and human health, so their re-
moval and detection are extremely important. At present, some effective materials have
been developed for the removal of pollutants, such as chitosan-based polymer materials
with excellent adsorption abilities for heavy metal ions [1]. Additionally, some effective
analytical methods have been developed to detect chemical or biological drugs, metal ions
and organic pollutants [2–5]. Analytical methods used to detect metal ions include poten-
tial/electrochemical sensors [6,7], fluorescence analysis [8], atomic absorption spectrometry
(AAS) [9] and inductively coupled plasma mass spectrometry (ICP-MS) [10]. However,
most of these approaches are not suitable for real-time monitoring due to their high cost,
long assay times, special equipment, and laborious and complex experimental processes.
Therefore, fluorescent sensors with low cost, simple operation, high sensitivity and good se-
lectivity have gradually emerged [11]. Nowadays, various materials have been developed
as fluorescent probes for environmental monitoring of metal ions, such as metal–organic
frameworks (MOFs) [12,13], nanoclusters [14,15], organic fluorescent dyes [16] and semi-
conductor quantum dots. In particular, fluorescent carbon-based materials have attracted
extensive attention due to their good chemical stability, excellent biocompatibility and low
toxicity [17], distinguishing themselves from traditional fluorescent materials.
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With the progress in scientific and technological research, more heavy metals remain
in the human living environment. The excessive intake of metal ions will have extremely se-
rious effects on human health [18,19]. Copper is one of the most important transition metals
in the human body [20] and plays an extremely important role in biological processes, such
as embryonic development, mitochondrial respiration, regulation of hemoglobin levels as
well as hepatocyte and neuronal functions [21,22]. Copper ions are widely distributed in
the natural environment, especially in industrial wastewater. Long-time exposure to copper
ions will cause high toxicity to the human body, and is associated with neurodegenerative
diseases, such as Wilson’s syndrome, Alzheimer’s disease and Parkinson’s disease [23–25].
According to United States Environmental Protection Agency (USEPA) guidelines, drink-
able water must not contain a Cu2+ content of ≥20 µM [26]. Therefore, the detection of
copper ions in the environment requires a simple and practical detection method with high
sensitivity and selectivity.

Carbon dots (CDs) are zero-dimensional carbon-based materials, mostly spherical
nanoclusters with diameters of less than 10 nm, composed of amorphous or crystalline
cores with sp2 hybrid carbon atoms [27]. Owing to their small size, high photostability,
resistance to photobleaching, low toxicity, good water solubility, excellent biocompatibility
and ease of surface functionalization, carbon dots have become the focus of fluorescent
probe materials as well as in cell labeling, optical bioimaging, drug delivery, storage appli-
cations and photocatalysis [28]. Metal ions, such as Hg2+, Fe3+ and Cu2+, can effectively
quench the fluorescence of carbon dots [29–31]. Carbon dots can be obtained by thermal
decomposition [32], hydrothermal carbonization [33], microwave-assisted pyrolysis [34],
electrochemical methods [35], etc. Hydrothermal carbonization refers to heating water and
carbon-rich substances in a closed container to trigger the carbonization reaction. Citric
acid is the most used carbon-rich substance, which is easy to condense and induce to form
carbon rings, and is also has atoms that can be easily doped. Meanwhile, the surface of
the formed carbon dots has rich functional groups, such as hydroxyl and carboxyl groups.
The hydrothermal method is the most widely used method, which has the characteris-
tics of good feasibility; cheap, diverse carbon sources; no toxicity; and environmental
friendliness [36]. However, carbon dots without modification usually have a low quantum
yield (QY) and poor stability, which affect their practical application [37,38]. Additionally,
the origin of fluorescence in carbon dots has not yet been clarified. The fluorescence emis-
sion is primarily caused by the competition between the optical centers, surface states and
traps [39]. Up-conversion fluorescence means that the shorter wavelengths of light are
emitted through longer excitation wavelengths [40]. This fluorescence is usually caused by
the multiphoton absorption effect. The fluorescence of carbon dots can be altered by con-
trolling size and shape, modifying the edges of the surfaces and doping with heteroatoms,
due to the edge effect, surface effect and quantum confinement effect (QCE) [41]. Doping
different elements leads to better performance, such fluorescence improvement and shifting
of the fluorescence spectra. Doping with different heteroatoms can change the electronic
properties and excite special optical properties through the passivation of the surface states
or the introduction of defects [42,43]. Salehtabar et al. [44] prepared photo-luminescent,
water-soluble, nitrogen-doped, highly fluorescent carbon dots based on the gum tragacanth
polysaccharide and triethylenetetramine (TETA). Therefore, it is a better way to synthetize
fluorescent probe materials based on carbon dots with a higher sensitivity, higher selectivity,
high quantum yield and unique fluorescence performance.

Herein, we report a simple method for preparing nitrogen-doped carbon dots (DN-
CDs) with intense down-conversion and unique up-conversion fluorescence using di-
ethylenetriamine (DETA) and citric acid as the nitrogen and carbon sources, respectively
(Scheme 1). The DN-CDs had good fluorescence properties, and excellent photobleaching
and stability. We used it for rapid, efficient and selective detection of copper ions within
3 min with a detection limit (LOD) as low as 42 nM. Compared with other carbon dots,
DN-CDs showed better and stable up-conversion fluorescence, which could convert low
energy light into high energy radiation through a nonlinear optical process, avoiding in-
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terference with biological background luminescence and achieving good photon tissue
penetration [45–48]. This would compensate for the disadvantages of down-conversion
fluorescence carbon dots, and has great potential for detecting metals in organisms. The
experimental results proved that the mechanism of fluorescence quenching through dy-
namic quenching. Additionally, combined with reports in the literature, the ratio of N and
O atoms may be more critical on the premise that the N, O-based functional groups interact
with Cu2+. Two previously synthesized nitrogen-doped carbon dots were selected for
comparison and preliminarily verified the proposed conclusion. This would be conducive
to the selection and design of highly selective fluorescent probe materials for copper ions.
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Scheme 1. Schematic illustration for DN-CD preparation.

2. Experimental
2.1. Chemicals and Materials

All chemicals were of analytical grade and were used directly without any further
purification. Diethylenetriamine, quinine sulfate and all the metal nitrates, nicotinamide
sulfate and chloride salts were purchased from Kelong Chemical Co., Ltd. (Chengdu,
China). Citric acid and sulfuric acid were purchased from Xilong Chemical Co., Ltd.
(Chengdu, China). Anhydrous ethanol was purchased from Changlian Chemical Co.,
Ltd. (Chengdu, China). N, N-Dimethylformamide (DMF) and Tetrabutylammonium
Tetrafluoroborate were purchased from Dingsheng Chemical Co., Ltd. (Chengdu, China).
l-Glutamic acid (l-Glu) and m-phenylenediamine (MPD) were purchased from Aladdin
Industrial Co., Ltd. (Shanghai, China).

2.2. Preparation of N-CDs

N-doped carbon dots were synthesized by a simple one-step hydrothermal method.
First, 0.44 g citric acid (CA) and a certain amount of diethylenetriamine (DETA) were added
to 20 mL of ultra-pure water and sonicated for 20 min until the CA was dissolved. The
prepared mixture was placed in a 50 mL PPL-lined stainless-steel autoclave and heated in an
oven for a certain amount of time. The autoclave was cooled to room temperature after the
reaction, and a slightly yellow solution was obtained. The solution was collected, dialyzed
(MWCO = 500 Da) for 24 h to remove unreacted starting materials and then the dialysate
was removed and internal solution was freeze-dried to obtain the final brown product. The
optimal amount of DETA was determined by testing the varying molar ratios of CA:DETA
(1:1, 1:2, 1:4, 1:8 and 1:10) with the reaction condition of 5 h and 180 ◦C. Additionally, the
optimal reaction temperature was determined by testing different temperatures (150 ◦C,
180 ◦C, 200 ◦C, 220 ◦C and 240 ◦C) with a 1:4 molar ratio of CA:DETA and 5 h reaction time.
Then, the reaction time was determined by testing different reaction times (4 h, 6 h, 8 h,
10 h and 12 h) with a 1:4 molar ratio of CA:DETA at 200 ◦C.

The two other carbon dots were prepared according to previous reports [49,50]. The
specific preparation methods are detailed in the Supplementary Information.
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2.3. Measurement of Quantum Yield

DN-CDs have similar absorption peaks (350 nm) and emission peaks (380–580 nm) as
quinine acid; therefore, the QY could be measured using a relative method [51]. Quinine
sulfate was selected as the reference compound (QY = 54% in 0.05 M H2SO4). The QY of
our sample was calculated using Equation (1):

Y1 = Y2
S1

S2

A2

A1

n2
1

n2
2

(1)

where ‘Y1’ is the QY of DN-CDs, ‘Y2’ is the QY of quinine sulfate, ‘S’ is the peak area
obtained from emission peak integration, ‘A’ is the absorbance intensity at λ(ex) of 350 nm,
and ‘n’ is the refractive index (1.33 for both sample and reference). A series of solutions of
DN-CDs and quinine sulfate were prepared until the absorbance intensities were below 0.05
at λex = 350 nm, which were recorded as A1 and A2, respectively. Then, the fluorescence
spectra were measured and the emission peaks in the range of 400–700 nm were selected
for integration to obtain the peak areas (S1 and S2). Finally, the QY for our DN-CDs was
calculated using Equation (1).

2.4. Characterization

Transmission electron microscopy (TEM) was performed using an INSPECT F in-
strument (J&R Instrument Technology Co., Ltd., Shanghai, Chnia). X-ray photoelectron
spectroscopy (XPS) results were obtained using XSAM 800 equipment (Kratos Analytical
Ltd., Manchester, UK). The X-ray diffraction (XRD) patterns were identified using an X’Pert
PRO diffractometer (PANalytical, Almelo, The Netherlands) with Cu Kα1 radiation, a
step size of 0.01313◦ 2θ, and a counting time of 30 ms step-1 from 10◦ to 80◦. FT-IR spec-
tra were obtained using a Nicolet-6700 FT-IR spectrometer (Thermo Scientific, Madison,
WI, USA). Fluorescence spectra were recorded using an F97-Pro fluorospectrophotome-
ter (Lengguang Tech. Ltd., Shanghai, China). UV–Vis absorption spectra were recorded
using a UV–vis spectrophotometer (Mapada Instruments Ltd., Shanghai, China). Fluo-
rescence lifetime spectra were measured using F-7000 equipment. The redox properties
of DN-CDs were examined by cyclic voltammetry which was carried out on a CH1660A
electrochemical workstation.

2.5. Detection of Metal Ions

The PL spectra were measured to study the selectivity and sensitivity of the DN-
CDs. The different chemical compounds with different metal ions (Na+, K+, Ca2+, Fe2+,
Fe3+, Cr3+, Mg2+, Mn2+, Pb2+, Zn2+, Cd2+) and anions (SO4

2−, PO4
3−, Cl−, NO3

−) were
dissolved in DI-water to obtain a series of metal solutions with a concentration of 10 µM.
1 mL aqueous solution of metal ions and 1 mL aqueous solution of DN-CDs (20 µg/mL)
were mixed. After a certain amount of time, PL intensity was detected three times to obtain
the average value. To further study the sensitivity detection of Cu2+, a series of CuSO4
solutions with concentration of 0–500 µM were prepared and mixed with 1 mL DN-CDs
(20 µg/mL). A Cu2+ solution was added into the solutions containing other metal ions to
obtain a mixed solution with two metal ions to conduct interference tests.

2.6. Detection in Real Samples

We used the tap water from our laboratory, the water from Jinjiang River in Wuhou
District, Chengdu, and the water from a lotus pond in the Wangjiang Campus of Sichuan
University as the real water samples. These samples were filtered through a 0.22 µm
membrane and centrifuged at 10,000 rpm for 5 min to remove any suspended materials.
Then, 1 mL of the sample with a standard Cu2+ ion solution (10, 20 and 30 µM) was mixed
with 1 mL of DN-CD solution for 4 min and the fluorescence intensity was measured.
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3. Results and Discussion
3.1. Optical Properties of DN-CDs

In this study, by changing the ratio of CA and DETA, reaction temperature and
reaction time, we developed a simple one-step synthesis method for carbon dots with a
high quantum yield under down-conversion fluorescence. As shown in Figure S1, it could
be seen that with the increase in DETA and reaction temperature, the quantum yield first
increased and then decreased. Additionally, in Figure 1c, the quantum yield decreased
and then increased slightly. Finally, carbon dots with a high quantum yield under down-
conversion fluorescence were obtained. Additionally, the optimum conditions were found
to be CA/DETA = 1:4, reaction time of 4 h, and reaction temperature of 200 ◦C. And we
used these carbon dots, denoted as DN-CDs, to perform the further characterizations.

The optical properties of the DN-CDs were measured using UV-vis absorption and
PL spectroscopy, as shown in Figure 1a. Typically, the absorption of carbon dots could be
divided into two main regions: π—π* and n—π* transition [52]. The weak absorption peak
at 241 nm was the π—π* transition of C=C, attributed to the absorption peak of the carbon
atom in cyclic aromatic hydrocarbons [53]. The wide absorption peak at 350 nm indicated
the n—π* transition of the nitrogen- or oxygen-containing functional groups on the surface
of the DN-CDs, attributed to the doping with N atoms [54]. The bandgap energies were
determined according to the Tauc plot (Equation (2)) as follows:

(ahv)
1
n = A

(
hv − Eg

)
(2)

where ‘a’ is the absorption coefficient, ‘h’ is Planck’s constant, ‘v’ is the incident light
frequency, ‘Eg’ is the bandgap energy, ‘A’ is a constant and ‘v’ is a variable dependent on
the type of bandgap [55]. As shown in Figure 1b, the bandgap of DN-CDs was 3.21 eV.
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Figure 1. UV–Vis absorption and PL spectra of the DN-CDs. (* represents antibonding molecular
orbital) (a) The UV-Vis absorption of DN-CDs. Inset: photograph taken under daylight and 365 nm
UV light. (b) The Tauc plot according to the UV-Vis absorption. (The carbon dots are usually indirect
bandgaps, so we selected the value of ‘n’ as 2) (c) Emission spectra of DN-CDs at different excitation
wavelengths. (d) Up-conversion emission spectra of DN-CDs at different excitation wavelengths.
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Under daylight, the DN-CD solution was slightly yellow and clear; in contrast, it was
a bright blue color if exposed to UV irradiation at 365 nm (inset in Figure 1a). Figure 1c
displayed the photoluminescence spectra of DN-CDs, showing a maximum emission at
450 nm (λex = 410 nm). Moreover, when the excitation wavelength was increased, the peak
value of fluorescence had a small red shift, which indicated that the PL was dependent
on the excitation wavelength. This excitation-dependent fluorescence property reflected
the size of the DN-CDs and the distribution of different surface states [56]. In particular,
Figure 1d also demonstrates the stable up-conversion PL property. When the excitation
wavelength changed from 630 nm to 860 nm, the UCPL spectrum showed a basically
unchanged emission at 451 nm, indicating a single emission center in the carbon dots. The
peak intensities at 820 and 825 nm were significantly higher than that of other wavelengths.
The doping with N atoms might lead to an increase in lone pair electrons on oxygen atoms
and nitrogen atoms, increasing the electron density in the π—system. Additionally, it
would reduce the π*—energy level of the excitation, so the excitation required a lower
energy [35].

3.2. Photoluminescence Stability of DN-CDs

For the application of fluorescent probes in the detection of metal ions, it is important
to explore the up-conversion fluorescence (UCPL) stability of DN-CDs. The PL intensity
of DN-CDs under different pH conditions is shown in Figure 2a, indicating a strong
UCPL intensity in a wide range of pH levels (pH = 4–12). In particular, DN-CDs had a
negligible change in the PL emission range or intensity within pH levels of 4–9, indicating
excellent stability of the DN-CDs; the UCPL intensity markedly changed under strong
acid–base conditions, due to the protonation and deprotonation of the functional groups
(-OH/-COOH and -NH2) on the surface of the DN-CDs, which resulted in the destruction
of the aromatic conjugate system and complex system [24,57]. This was proven by the Zeta
potentials in different pH aqueous solutions in Figure S2. DN-CDs had a negative potential
at pH = 4–13, and the negative potential increased sharply under highly alkaline conditions.
DN-CDs had a high positive potential at pH = 2, which indicated that the same protonation
in a strong acidic environment. Meanwhile, the DN-CDs had a higher negative potential at
pH = 11–13, which indicated intense deprotonation. In order to study the optical stability
of carbon dots, we tested their up-conversion fluorescence intensity under daily storage
conditions and simulated sunlight conditions using a xenon lamp (300 W). As shown
in Figure 2b, we could see that the up-conversion fluorescence intensity of the DN-CD
solution remained high after 90 days, which indicated that the DN-CDs had long-time
UCPL stability; at the same time, the carbon dot solution was still clear and transparent.
As shown in Figure 2c, the up-conversion fluorescence intensity of the carbon dot solution
was basically unchanged within the first hour of xenon irradiation (300 W), where F0 is
the initial up-conversion fluorescence intensity, and F is the up-conversion fluorescence
intensity after xenon irradiation. In summary, the prepared carbon dots (DN-CDs) had
strong pH stability and optical stability.
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Figure 2. (a) The effect of pH on the UCPL intensity of DN-CDs in a range from 1 to 13. (b) The effect
of storage time on PL intensity of DN-CDs after 90 days. (c) The effect of 60 min of UV irradiation
on the UCPL intensity (F0 is the initial UCPL intensity and F is the UCPL intensity after under
UV irradiation). (d) The effect of salt concentration on the UCPL intensity for DN-CDs at different
concentrations of NaCl (‘F0’ is the PL intensity of a blank sample and ‘F’ is the intensity of the
experimental sample).

3.3. Morphological and Surface Properties of DN-CDs

The morphological and surface properties of the DN-CDs were investigated by TEM,
FT-IR, XRD and XPS; the results are shown in Figures 3 and 4. DN-CDs were nearly
spherical with a size distribution between 1.5 and 4.5 nm and the average particle size
was about 2.4 nm (Figure 3a,b). Furthermore, the dynamic light scattering (DLS) results
in Figure S3 showed that the dynamic diameter of the DN-CDs was about 2.7 nm, which
was basically consistent with the TEM. Additionally, we also tested the DLS of DN-CDs
in strong acidic and alkaline environments, and found that there was a slight aggregation
phenomenon with strong acids, with average size of 3.7 nm. This was also consistent with
the fluorescence and Zeta potential changes under strong acidic conditions in Section 3.2.
Meanwhile, we found that the crystalline lattice fringe had a space of 0.21 nm, which
corresponded to the (100) lattice of graphene in the inset in Figure 3a. Through the Zeta
potential of the DN-CDs, it was suggested that the DN-CDs had a negative charge (Figure
S3). This was attributed to the partial ionization of the hydroxyl or carboxyl groups in the
DN-CDs, which caused the formation of oxygen negative ions. Figure 3c shows the XRD
pattern of the DN-CDs with broad peaks at 2θ = 23.9◦, indicating that the carbon atom in
DN-CDs was amorphous. Additionally, this also could be verified in the Raman spectrum
of N-CDs in Figure S4. This demonstrated that the fluorescence properties of DN-CDs were
mainly determined by the surface groups of the carbon dots.
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Figure 3. TEM image (a), size distribution (b), XRD spectra (c) and FT-IR spectra (d) of DN-CDs (the
inset in (a) is the HRTEM of the DN-CDs).
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Figure 4. (a) The full-scan XPS spectra of the DN-CDs; (b) C1s spectra of the DN-CDs; (c) O1s spectra
of the DN-CDs; (d) N1s spectra of the DN-CDs.

FT-IR spectra were obtained to detect the functional groups of the DN-CDs. As
shown in Figure 3d, the DN-CDs exhibited absorption peaks at 3423 cm−1 and 2915 cm−1,
consistent with -OH and N-H stretch vibrations, showing that the DN-CDs had good
water-solubility and contained amino groups on their surfaces. Compared with the FT-IR
spectra of DETA, the absorption peak of N-H decreased, indicating that the amine group
of DETA and the carboxyl group of citric acid had undergone a dehydration reaction.
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In addition, the absorption peaks at 1244 cm−1 and 1344 cm−1 represented the stretch
vibrations of C-O and amide C-N, respectively. The absorption peaks at 1654 cm−1 and
1554 cm−1 were related to the typical stretch vibrations of C=N and N-H. The absorption
peak of 1435 cm−1 was the typical stretch vibration of C=C due to the establishment of an
unsaturated aromatic ring structure during the hydrothermal treatment. Moreover, it was
confirmed by FT-IR spectra that some of the carbonyl groups of citric acid were converted
into amide groups in the hydrothermal process. These functional groups improved the
hydrophilicity of the DN-CDs in an aqueous system, suggesting the potential of DN-CDs
as sensors for aqueous samples.

The elemental composition of the DN-CDs was examined through XPS (Figure 4). As
shown in Figure 4a, according to the XPS full-scan profile of the DN-CDs, C, N and O
exhibited distinct peaks in the spectra at 284.71 eV, 399.83 eV and 530.95 eV corresponding
to the binding energies of C1s, N1s and O1s, respectively. Moreover, the contents of C, N,
and O elements in the DN-CDs were 38.4%, 44.1%, and 17.5%, respectively, according to
the EDS results (Figure S5). Figure 4b shows three peaks at 284.7 eV, 285.9 eV and 287.5 eV
related to the binding energies of graphite-like Csp2, N-Csp2 and N-Csp3 bonds, respectively.
The O1s spectra showed two peaks at 530.38 eV and 532.02 eV, attributed to the binding
energy of C=O and C-O, respectively (Figure 4c). Additionally, the N1s spectra showed
that it could be deconvoluted into three peaks at 398.8 eV, 400.5 eV and 401.2 eV which
were consistent with the binding energies of pyridinic N, pyrrolic N and quarternary N,
respectively (Figure 4d). The large amount of pyrrolic N indicated that most of the N atoms
existed in a π conjugated system. In summary, we confirmed that the N elements were
successfully doped onto the structure of the carbon dots.

3.4. DN-CDs as a Photoluminescent Probe for Cu2+ Ions

To investigate the potential use of the DN-CDs as a PL probe, we examined the effects
of different metal ions on PL intensity (Figure 5). It could be seen from Figure 5a that at the
same concentration, Na+, K+, Ca2+, Fe2+, Fe3+, Cr3+, Mg2+, Mn2+, Pb2+, Zn2+ and Cd2+ ions
basically did not change the PL intensity of the carbon dots; with the same concentration
of Cu2+, the PL intensity was 60% of that of the control, showing an obvious fluorescence
quenching phenomenon. In addition, the interference of other metal ions on the detection
of Cu2+ was examined by adding the mixed solution of various metal ions and Cu2+ into
the DN-CDs solution. Meanwhile, the effect of the addition of other metal ions on the
detection of Cu2+ ions could be nearly ignored, which indicated that DN-CDs had excellent
selective quenching for Cu2+. Moreover, we also explored the quenching kinetics of the
DN-CDs by monitoring the PL intensity as a function of time. Figure 5b showed that the PL
intensity of the DN-CD solution gradually weakened and finally stabilized with increasing
Cu2+ ions concentration. This result indicated that the detection of Cu2+ ions in the DN-CD
system was a rapid and effective process and the equilibrium was reached within 3 min.
Thus, 3 min was chosen as the detection time in the following experiments.

To investigate the sensitivity of the DN-CDs for detecting Cu2+, the PL spectra of the
DN-CDs were examined by adding Cu2+ solution at various concentrations (2.5–50 µM).
Obviously, in Figure 5c, the intensity of PL quenching increased when the concentration of
Cu2+ increased; therefore, the decrease in PL intensity was caused by the Cu2+ ions instead
of the associated anions and was quantitatively related to the Cu2+ concentration. This
indicated that the DN-CDs were capable of quantitatively detecting Cu2+ at low levels
with high sensitively. Additionally, the PL quenching spectra of Cu2+ was analyzed by the
Stern–Volmer (Equation (3)):

F0

F
= Ksv[Q] + 1 (3)

where ‘F0’ and ‘F’ are the PL intensities of the DN-CDs in the absence and presence of
Cu2+, respectively, ‘Q’ is the concentration of Cu2+ and ‘Ksv’ is the Stern–Volmer quenching
constant. This equation could represent the relationship between the relative PL intensity
(F0/F) and Cu2+ concentration (Q).
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Figure 5. (a) The selectivity of DN-CDs to various metal ions: relative PL intensity of the DN-CDs
(20 µg/mL) in the absence (black column) and presence (red column) of other metal ions (10 µM)
(λex = 820 nm and λem = 450 nm); (b) the effect of reaction time on the quenching equilibrium of
DN-CDs; (c) PL quenching efficiency of DN-CDs at different concentrations of Cu2+ ions (2.5–50 µM);
(d) the linear relationship between PL intensity and Cu2+ ion concentration (F0 is the PL intensity in
the absence of Cu2+ ions and F is in the presence of Cu2+ ions).

According to Equation (3), we observed strong linearity with a correlation coefficient
(R2) of 0.9974 when the concentration of Cu2+ changed from 2.5 to 50 µM. The linear
relationship curve is shown in Figure 5d. Based on Equation LOD = 3·σ/S (where ‘σ’
is the standard deviation of the blank PL intensity of DN-CDs and ‘S’ is the slope of
the linear relationship curve), the limit of detection (LOD) of Cu2+, was calculated to be
42 nM. Compared with the threshold of the United States Environmental Protection Agency
(USEPA) guidelines, the LOD of the DN-CDs for Cu2+ in an aqueous system was much
lower. We summarized the PL sensing performances of the other reported sensors for
detecting Cu2+ in Table 1; it was clear that the LOD of our product was also lower than
those of the other sensors.

Table 1. The range of detection and LOD of other PL sensors for Cu2+ ions.

Sensor Range of Detection LOD Ref.

BP/NS-CDs 0–50 µM 0.18 µM [24]
OPD-CDs 0.5–40 µM 0.28 µM [23]
NS-CDs 1–10 µM 0.29 µM [58]

FA-MoOx QDs 0.2–500 µM 29 nM [59]
HBT-H 0–5 µM 0.308 µM [60]

Fe3O4@SiO2-PAP 0.1–0.2 mg/L 0.125 µM [61]

3.5. Mechanism of DN-CD Interaction with Cu2+

3.5.1. Exploration of Quenching Mechanism

Carbon dots have already been used in the field of PL sensors and the PL quenching
mechanisms of carbon dots had been discussed in other articles. The quenching mecha-
nisms can be roughly divided into two types, which included static quenching and dynamic
quenching. There were also other mechanisms, such as Förster resonance energy transfer

89



Crystals 2023, 13, 812

(FRET), photo-induced electron transfer (PET) and inner filter effect (IFE). Static quenching
would occur through the interaction between the carbon dots and metal ions, forming
a non-fluorescent ground-state complex. The existence of the non-fluorescent complex
could be verified by UV-Vis spectra. If there was complexation between the functional
groups in the carbon dots and metal ions, the absorption peaks on the spectra would have
a corresponding blue shift or red shift or even produce an obvious new absorption peak
due to a new chemical bond. Dynamic quenching would be caused by the collision of
carbon dots through the mechanisms of charge transfer or energy transfer, so that the
excited state of the carbon dots would return to its ground state. In contrast to static
quenching, dynamic quenching would only affect the excited state of the carbon dots, so
there would be no change in the UV-Vis spectra. However, a significant change in the
lifetime of fluorescence would be detected. FRET would occur when the emission spectra
of the carbon dots overlapped with the absorption spectra of the metal ions due to long
range dipole–dipole interactions between the excited state of carbon dots and the ground
state of metal ions. Additionally, if a FRET mechanism existed, it could change the lifetime
of fluorescence. PET could be defined that the electron transfer would occur between
carbon dots (as electron donor or electron receptor) and metal ions (as electron donor or
electron receptor), if there is an energy gap between the lowest unoccupied molecular
orbitals (LUMO) and the highest occupied molecular orbitals (HOMO) between the carbon
dots and metal ions. Additionally, IFE would result from an overlap of the absorption
spectra of the metal ions with the excitation or emission spectra of the carbon dots. This
could cause energy transfer between the carbon dots and metal ions. Therefore, in this
part, we explored the quenching mechanisms of our DN-CDs in detecting Cu2+ as static
quenching, FRET, PET or IFE by UV-vis spectra.

As shown in Figure 6a, the absorption peak of the DN-CD solution did not change after
adding the Cu2+ solution compared with the absorption peak without the Cu2+ solution,
proving that there was no static quenching behavior in our DN-CD PL sensor system.

To explore other possible quenching mechanisms, we compared the PL spectra of
DN-CDs with the absorption spectra of the Cu2+ aqueous solution (Figure 6b). This
indicated that the significant fluorescence emission peak of DN-CDs at 450 nm basically
did not overlap with the absorption peak of Cu2+. This concluded that there was no FRET
quenching mechanism between the DN-CDs and Cu2+. At the same time, as shown in
Figure 6c, there was no obvious overlap between the absorption spectra and fluorescence
emission spectra of DN-CDs. Additionally, we used the up-conversion PL as the excitation
wavelength, which was far from the absorption wavelength of Cu2+ (Figure S6). This could
eliminate the IFE effect of the PL quenching progress, which might reduce the number of
photons available for the DN-CDs [62].

The fluorescence lifetime decay of DN-CDs in the absence and presence of Cu2+ were
measured at λex = 820 nm and λem = 450 nm (Figure 6d). After adding a certain amount of
Cu2+ solution, the fluorescence lifetime of the DN-CD solution decreased from 10.69 ns to
5.14 ns. This suggested that dynamic quenching occurred in the sensor system. Additionally,
we proposed a non-radiative electron-transfer mechanism (PET). We calculated the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular (LUMO) energy
levels of the DN-CDs according to the following Equation (4) [63]:

ELUMO = −e(ERed + 4.4)EHOMO = −e(EOx + 4.4)EHOMO = ELUMO − Eg (4)

where ‘EOx’ and ‘ERed’ are the onset of oxidation and reduction potential of DN-CDs,
respectively, and ‘Eg’ is the optical energy gap resulting from the UV-Vis adsorption.
Additionally, the ‘ERed’ was −0.69 eV according to the CV plot (Figure S7). The ‘ELUMO’
was calculated to be −3.71 eV and ‘EHOMO’ was calculated to be −6.92 eV. Obviously,
the band gap could overlap the crystal field stabilization energy of Cu2+ (1.98 eV) [64].
As illustrated in Figure 7, the excited electrons of the DN-CDs were prone to transfer to
the d orbital of Cu2+ [65]. Thus, the fluorescence was suppressed and became a partially
non-radiative progress.
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3.5.2. Discussion on the Selectivity of Cu2+ and Fe3+ Ions

We synthesized two other N-doped carbon dots in our laboratory named N-CDs-1 and
N-CDs-2 and we found that they were capable of detecting Fe3+ ions. The PL spectra and
FT-IR spectra demonstrated that we had successfully synthesized the previously reported
carbon dots (Figure S8). The specific and detailed steps of detection of metal ions by these
two carbon dots are displayed in the supporting information.

The results of testing the selectivity of N-CDs-1 and N-CDs-2 to metal ions are shown in
Figure 8. As seen in Figure 8a, under the same conditions, obvious fluorescence quenching
occurred after adding the Fe3+ solution to the carbon dot solutions. In contrast, other metal
ions had little influence on the PL intensity of N-CDs-1. N-CDs-1 also had an up-conversion
PL, so its UCPL sensing system was investigated. The result was consistent with the above
one showing that N-CDs-1 with up-conversion PL was also selective for Fe3+ ions. Similarly,
N-CDs-2 showed selectivity for the detection of Fe3+ as shown in Figure 8c. The addition of
Fe3+ ions caused a strong quenching of the PL intensity, with a quenching degree of more
than 80%. Instead, the highest quenching effect of the other ions was only 40% (CrCl3),
which might be due to the larger band gap of the carbon dots, which could overlap with
the crystal field energy of Cr3+ and produce PET behaviors. In summary, N-CDs-1 and
N-CDs-2 could detect Fe3+ ions with a good linear relationship in the 1–1000 µM and
20–100 µM ranges and the LODs were 100 nM and 3.93 µM, respectively (Figure S9).
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λem = 450 nm.

We were interested in the similarities and differences between the three N-doped
carbon dots which could detect Cu2+ and Fe3+ ions. Through the comparison of the
differences between DN-CDs, N-CDs-1 and N-CDs-2, the ratio of N and O atoms were
found to be a potential reason for the ability to detecting Cu2+ and Fe3+ ions. Table S1
summarized the detection parameters for the selective detection of metal ions (Cu2+ and
Fe3+) with the different N-doped carbon dots [66–79]. It could be found that although
N-doped carbon dots contained different electron-rich functional groups, we suggest that
the proportion of the N, O atoms might affect the selectivity towards Cu2+ and Fe3+ ions.
The carbon dots with relatively rich N-based groups and more N atoms were more likely
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to selectively detect Cu2+ ions. More simply, the selective detection of Cu2+ and Fe3+ ions
by carbon dots could be adjusted or converted by altering the ratio of N and O atoms.
Moreover, the ratio of N/O of DN-CDs, N-CDs-1 and N-CDs-2 were 14.8:15.6, 21.7:12.8
and 27.1:5.2, which are consistent with our conclusion.

Hence, we preliminarily concluded that the selective detection of Cu2+ or Fe3+ ions by
N-doped carbon dots could be estimated according to the ratio of N/O: when the ratio of
N/O is about 1:1 or higher, the N-doped carbon dots tend to selectively detect Cu2+ ions;
when the N/O ratio is about 1:2 or smaller, the N-doped carbon dots prefer to selectively
detect Fe3+ ions. The Hard-Soft-Acid-Base theory could explain the difference: ‘acids’ and
‘bases’ can be classified as ‘hard’ or ‘soft’. ‘Hard’ refers to particles with a higher charge
density and smaller radius, while ‘soft’ refers to particles with a lower charge density and
larger radius. The interactions between a soft acid and soft base are more stable, while
the interactions between a hard acid and hard base are more stable. Thus, Cu2+ ions are a
borderline acid and can more easily interact with N atoms with a lower electronegativity
and bigger radius; Fe3+ ions are similar to hard acids, so they are more likely to interact
with O atoms with a higher electronegativity and smaller radius. Of course, the quenching
mechanisms of carbon dots are complex and other situations would also exist, which
require more detailed analysis methods.

3.6. Detection of Cu2+ Ions in Real Samples

To prove the practical application of the synthesized DN-CDs, we investigated the
ability of the DN-CDs to detect Cu2+ ions in water samples as shown in Table S2. The
relative standard deviations (RSDs) of Cu2+ ion detection in the three samples were less
than 8% and the recovery rates were in the range of 95.4–105.9%. This verified that the
DN-CDs have great potential in Cu2+ ion detection.

4. Conclusions

In conclusion, N-doped carbon dots with down-conversion and up-conversion fluores-
cence were synthesized by a simple one-step hydrothermal method. The prepared carbon
dots, DN-CDs, had excellent fluorescence properties, good stability and a high quantum
yield QY of 63.87%. They showed a significant fluorescence intensity at 410 nm, and also
had up-conversion fluorescence at 820 nm. Additionally, the abundant N, O-based func-
tional groups endowed the DN-CDs with excellent water solubility and excellent sensitivity
and selectivity for Cu2+ ion detection with a rapid reaction time of 3 min. Therefore, it had
better practicality. We also synthesized other N-doped carbon dots with different carbon
sources and nitrogen sources to study their ability to detect metal ions. They had the ability
to detect Fe3+ ions with a detection limit (LOD) of 100 nM and 3.39 µm. Additionally,
although the principle of selective metal ion detection is very complex, by comparing the
results in this paper and published reports, a method of synthesizing N-doped carbon dots
to detect Cu2+ or Fe3+ ions exclusively through adjusting the ratio of N and O atoms was
proposed: (1) when the ratio of N/O was about 1:1 or higher, the N-doped carbon dots
tended to selectively detect Cu2+ ions; (2) when the N/O ratio was about 1:2 or smaller, the
N-doped carbon dots preferred to selectively detect Fe3+ ions. This provided a possible
direction for the design and synthesis of N-doped carbon dots with the ability to detect
Cu2+ or Fe3+ ions in the future.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst13050812/s1, Figure S1: The trends of the quantum yield
fluorescence of N-doped carbon dots at different ratio of carbon source and nitrogen source (a),
reaction temperature (b), reaction time (c); Figure S2: The Zeta potential of DN-CDs under different
pH; Figure S3: The DLS of DN-CDs in aqueous solution at (a) pH = 1, (b) pH = 7 and (c) pH = 13;
Figure S4: The Raman spectrum of DN-CDs; Figure S5: The EDS of DN-CDs; Figure S6: The up-
conversion PL spectra of DN-CDs. (The emission spectrum at maximum excitation wavelength at
820 nm and the excitation spectrum at the maximum emission wavelength of 450 nm); Figure S7:
The CV plot of DN-CDs; Figure S8: (a-c) The fluorescence emission spectra at λex = 450 nm and
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λex = 600 nm and FT-IR spectra of N-CDs-1; (d-e) The fluorescence emission spectra at λex = 380 nm
and FT-IR spectra of N-CDs-2; Figure S9: The PL quenching efficiency of (a) N-CDs-2 at λex = 380 nm
and (c) N-CDs-1 at λex = 410 nm and (e) at λex = 808 nm at different concentration of Fe3+ ions
and the linear relationship between PL intensity and Fe3+ ions (‘F0’ is PL intensity in the absence
of Fe3+ ions and ‘F’ is in the presence of Fe3+ ions) of (b) N-CDs-2 at λex = 380 nm, (d) N-CDs-1 at
λex = 410 nm and (f) at λex = 808 nm; Table S1: The detection parameters for selective detection of
metal ions (Cu2+ and Fe3+) with different N-doped carbon dots; Table S2: The detection of Cu2+ in
real samples.
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Abstract: In this paper, high-performance UV photodetectors have been demonstrated based on
indium oxide (In2O3) thin films of approximately 1.5–2 µm thick, synthesized by a simple and quick
plasma sputtering deposition approach. After the deposition, the thin-film surface was treated
with 4–5 nm-sized platinum (Pt) nanoparticles. Then, titanium metal electrodes were deposited
onto the sample surface to form a metal–semiconductor–metal (MSM) photodetector of 50 mm2 in
size. Raman scattering spectroscopy and scanning electron microscope (SEM) were used to study
the crystal structure of the synthesized In2O3 film. The nanoplasmonic enhanced In2O3-based UV
photodetectors were characterized by various UV wavelengths at different radiation intensities and
temperatures. A high responsivity of up to 18 A/W was obtained at 300 nm wavelength when
operating at 180 ◦C. In addition, the fabricated prototypes show a thermally stable baseline and
excellent repeatability to a wide range of UV lights with low illumination intensity when operating at
such a high temperature.

Keywords: UV photodetectors; surface functionalization; indium oxide; nanoplasmonic

1. Introduction

Indium oxide (In2O3) has received much attention in multidisciplinary device applica-
tions such as flat-panel displays, light-emitting diodes (LEDs), and solar cells. Moreover,
in recent years, indium oxide nanomaterials with different morphologies (nanoparticles,
nanoflowers, nanosheets, nanowires, etc.) [1,2] have been found to be promising candi-
dates for gas sensors [3–5]. On the other hand, indium oxide is a desirable material for
developing smart, flexible, and wearable optoelectronics and multifunctional sensors in
the field of environmental indicators [6], owing to its wide band gap (with reported val-
ues ranging from 2.7 to 3.7 eV) [7], optical transparency, thermal and chemical resistance,
flexibility and stretchability, ease of manufacturing and low fabrication cost. Hence, UV
photodetectors (PDs) based on In2O3 nanostructures, such as nanowires [8–10], quantum
dots [11], nanosheets [12], and nanoparticles [13], have been explored, which demonstrates
that In2O3 is a candidate for developing UV PDs. However, there are neither reports on the
UV photodetector based on In2O3 thin films, nor studies on PD performance comparison
at different temperatures.

Recently, surface functionalization with noble metal nanoparticles (NPs, e.g., Au and
Ag) was effectively used to improve ZnO [14], GaN [15] and UNCD [16] UV photodetector
performances. The effects of different metals such as Pt, Al and Ag as well as nanoparticle
size have been discussed in our previous publications [16–19]. The nanoplasmonic reso-
nance in metal nanoparticles causes the strong absorption and scattering of incident light.
As a result, the photodetector showed high responsivity, which is defined as the ratio of
generated photocurrent and incident optical power. Although the surfaced functionaliza-
tion of noble metal nanoparticles was demonstrated in indium oxide-based gas sensors [20],
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to date, no papers have been published on surface functionalized In2O3 UV photodetectors
with noble metal nanoparticles.

In the present work, we demonstrated a high-performance In2O3 UV photodetector
with Pt nanoparticle surface functionalization. Pt nanoparticles were chosen due to their
localized plasmon resonance featured in the UV region [21]. Very high responsivities have
been obtained both at room temperature and an elevated temperature, which is much
better than that of UV photodetectors with MSM (metal–semiconductor–metal) structures
based on SiC [22], diamond [23], and oxides [24] that can operate at high temperatures.
The fabricated prototypes show a thermally stable baseline and excellent repeatability to a
wide range of UV lights with low illumination intensity.

2. Materials and Methods

Compared to metal–organic chemical vapor deposition (MOCVD) and molecular
beam epitaxy (MBE) techniques, sputtering has features of a high deposition rate, low cost,
acceptable quality of thin films, and capability to deposit on large-area substrates. Owing
to these advantages and their flexibility in the control of composition and microstructure,
magnetron sputtering is widely employed for the synthesis of various thin films. The In2O3
thin films used in this study were grown on Si (100) substrates under deposition durations
of 15 min using a homemade RF reactive magnetron sputtering system [25] with a power of
200 W. The substrates were cleaned in acetone and methanol with ultrasonic vibration and
then dried with blowing dry nitrogen gas before deposition. The target for the growth of
In2O3 films was sintered In2O3 (99.9%), 2 -inch in diameter. The distance between the target
and substrate was approximately 7–8 cm. All the films were deposited at room temperature
and the obtained thickness of the sample was approximately 1.5–2.0 µm measured using a
stylus surface profiler (DektakXT, BRUKER, Billerica, MA). After deposition, the samples
were annealed at 400, 600 and 800 ◦C for 2 h, respectively. The base pressure of the chamber
was on the order of 10−6 Torr and the working pressure with argon gas was maintained at
approximately 8–10 mTorr. To enhance the responsivity of the In2O3 thin–film material to
UV radiation, the samples were functionalized using platinum (Pt) nanoparticles before
photodetector fabrication. The surface treatments with Pt nanoparticles lasted for 1–2 s by
using a 200 W RF magnetron sputtering deposition technique.

3. Results and Discussions

SEM was utilized to generate high-resolution photographs of surface morphology,
along with a Raman spectrometer enabling a deeper insight into structural information.
Figure 1a–c show SEM images of three In2O3 samples after annealing at 400, 600 and 800 ◦C,
respectively, for 2 h. The surfaces of the obtained samples are flat but many particles on
the surface were clearly visible. Following an increase in the temperature on annealing,
the sizes of these particles increased from the sub-micrometer range to approximately
1 micrometer. A tentative interpretation is that melting and dissociation of partial In2O3
thin films into droplets on the surfaces of the samples during annealing at very high
temperatures results in a rough/coarse surface.
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Generally, the coarse surface of sample-based devices would be seriously affected
by the surrounding environment such as humidity or dust. Therefore, in the following
part, the focus would be on the first sample (as shown in Figure 1a) annealed at 400 ◦C
with better surface quality. As an n-type semiconductor, different preparation methods
and conditions influence the crystalline structures of In2O3 synthesized, such as cubic or
rhombohedral, although both have the same band gap energy. The body-centered cubic
(bcc) In2O3 with lattice parameter a = 1.011 nm is the most stable structure that is preferred
for electronic [26] applications due to its high conductivity.

The In2O3 films prepared for this study were characterized by room-temperature
Raman spectroscopy. An Ar+ ion laser (Model 95, Lexcel Laser Inc., Fremont, CA) with an
excitation wavelength of 514 nm was used along with a triple-grating monochromator to
measure the Raman spectra. The ~2 mW laser beam, after passing through an 80× Olympus
microscope objective, was focused onto the sample surface with a spot size of 3~4 µm
in diameter, corresponding to a laser power density of approximately 2 × 104 W/cm2.
It was noticed that at this power density, no obvious surface morphology change in the
In2O3 samples was observed because of the annealing effect caused by the laser beam
with an accumulation time of 30 s required by the Raman measurement. Figure 2 shows
Raman spectra of In2O3 film deposited on Si(100) substrate before and after the surface
treatment with platinum nanoparticles. As displayed in Figure 2, the strongest peak at
approximately 521 cm−1 is from the Si substrate. The spectra from In2O3 are dominated by
the optical phonon lines at 132, 307, 366, 495, and 627 cm−1, corresponding to bcc In2O3.
The narrow spectral lines at 132 and 307 cm−1 confirmed the good crystalline quality of the
bcc In2O3 films.
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Figure 2. Raman scattering spectra of In2O3 thin film prepared on Si substrate (a) before and (b) after
Pt treatment. The large peak at 521 cm−1 from the Si substrate is labeled as “S”.

The fast fabrication process of the In2O3 thin-film-based photodetector is shown in
Figure 3a. After the In2O3 thin film was deposited on Si(100) substrate, the sample surface
was decorated with Pt nanoparticles. Then, a mask made of a metal wire of 400 µm
in diameter was placed over the top surface of the In2O3 sample, followed by a 2-min
direct coating of Ti metal electrodes of a thickness of 0.5–1 µm. The fabricated In2O3 UV
photodetector was finally annealed at 200 ◦C for 60 min in the same vacuum chamber.
Figure 3b shows the edge between the Ti electrode (grey) and In2O3 sensing material
(black). The MSM geometry of the photodetector used in this investigation was similar
to our previous boron nitride-based and SiC-based UV photodetectors [22,27] except for
the In2O3 sensing layer. The gap formed by this simple and quick fabrication process was
400 µm between a pair of electrical electrodes, leading to a totally exposed surface area of
15 mm2, although smaller gaps can be obtained with a more tedious lithography process.
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Figure 3. (a) Schematic diagram of the fabrication of the In2O3-based UV photodetector. (b) SEM
image of the edge between the Ti electrode (grey) and sensing material (black) of the prototype. (c) Ex-
perimental setup for measuring electric properties and light responsivity of the UV photodetector.

Once the process flow of the MSM UV photodetector was completed, the prototypic
UV photodetector was tested for its I–V graph and the photon-induced electrical current
Iph when the sensing material was exposed to UV radiation. As shown in Figure 3c, the
prototype is connected in series with a precise resistor Rprecise, a switch, and an Agilent volt-
age source power supply Vo. The voltage variations during the characterization across the
precise resistor were monitored with a HEWLETT 34,401 electrical multimeter controlled
by the LabVIEW program. To control the operating temperature of the tested prototype, a
thermocouple and tungsten filament were deployed. The error of the measurements was
approximately 5%.

The UV sensing mechanism of the In2O3 photodetector can be understood as a pho-
toelectric phenomenon. As an n-type semiconductor, the conductivity of the In2O3 pho-
todetector is largely due to the depletion region formed when there is no UV illumination
because oxygen molecules trap free electrons to be ionized and chemisorbed on the surface.
With UV radiation of photon energy slightly equal to or greater than the energy band gap of
In2O3, the photoelectrically generated hole carriers recombine negatively charged adsorbed
oxygen ions on the surface and discharge oxygen molecules that reduce the depletion
region and increase the conductivity of the In2O3 sensing layer. Further illumination of UV
light will generate more electron–hole pairs in the conduction and valence bands, which
decreases the resistance significantly.

Figure 4a exhibits the four I–V graphs, i.e., the measured dark current as a function
of the applied bias voltage when the prototype operates at room temperature (RT, 23 ◦C),
40 ◦C, 80 ◦C, and 120 ◦C, respectively, when the bias increases from zero to a maximum of
11 V. The linear relationship indicates a good ohmic contact formed between the electrode
and the semiconductor except for a slightly curved I–V graph at room temperature. At
room temperature, the unpaired electrons are collected at the anode under bias, which leads
to a decrease in the width of the depletion layer. Therefore, an increase in conductivity
occurs with an increase in the bias voltage. As a comparison, at room temperature, the dark
current is approximately 28 µA at 4 V bias and 87 µA at 11 V.

The increase in dark current at higher temperatures is directly attributed to material
properties. An increase in the operating temperature up to 40 and 80 ◦C results in an
increase in the dark current to 42 µA and 80 µA at 4 V bias, respectively. With the increase in
operating temperature, a lower resistance takes place with the departure of the chemisorbed
oxygen molecules from the surface. As shown in Figure 4a, when biased at 4 V, the dark
currents are 28, 43, and 80 µA for room temperature, 40 ◦C and 80 ◦C operation, respectively.
When the temperature is high enough and the sample surface is already maintained in
a chemisorbed oxygen molecule free or rather a dynamic equilibrium state, as indicated
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by the I–V graphs at 80 ◦C and 120 ◦C in Figure 4a, further increase in the operating
temperature does not boost the current. Similarly, as revealed in Figure 4b, the resistance
of the device decreases with the increase in operating temperature. After the operating
temperature reaches 80 ◦C, the resistance remains the same and no longer declines with the
temperature rise.
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Figure 4. (a) Electrical current as a function of bias voltage at four different temperatures: room
temperature (RT, 23 ◦C), 40 ◦C, 80 ◦C, and 120 ◦C. Inset: the schematic of the photodetector. (b) The
temperature effect on the electrical resistance property of the In2O3 prototype.

To verify the authenticity of the photocurrent, the fabricated prototype was tested
with UV light illuminations at different wavelengths for a period of 4 min and 50% duty, as
shown in Figure 5. The device was operating at room temperature when the incident UV
light intensity was 2 mW/cm2 on the detector surface, which was controlled by varying the
distance between the UV light source and the detector surface. As shown in Figure 5, the
photocurrent rises and falls as the light is turned on and off when biased at 3.5 V. Besides,
the device also displays good stability during the illumination cycle test. Under 250 nm,
300 nm, and 350 nm UV light illumination, the induced photocurrent is 0.39 mA, 0.48 mA,
and 0.78 mA, respectively. At a longer wavelength, although the photocurrent is greater, the
In2O3 prototype takes a longer time to respond. As indicated in Figure 5a,b, the measured
photocurrent builds up quicker under 250 nm and 300 nm UV light, compared to 350 nm
UV light illumination. On the other hand, noise under 250 nm UV light is greater than that
under 300 nm and 350 nm UV light, since noise is greater at a short wavelength when the
light intensity is fixed.
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Figure 5. Photocurrent responding to 2 mW/cm2 UV signals of a period of 4 min and a 50% duty
cycle at (a) 250 nm, (b) 300 nm, and (c) 350 nm, respectively, when operating at room temperature
and 3.5 V bias voltage.
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Figure 6 shows the typical dependence of the photocurrent on UV light intensity under
a bias of 3.5 V at room temperature. When the detector was exposed with a period of
4 min between the “switch-on” and “switch-off” to a 250 nm UV light at an intensity of
0.013 mW/cm2, a well-defined light-induced photocurrent was obtainable with sharp edges.
When the UV source was switched off, the photocurrent responded sharply down and then
gradually decayed to zero. As expected, with the enhancement of illumination intensity,
more electron-hole pairs are excited that contribute to the enriched photocurrent. As shown
in Figure 6a–c, when exposed with the light intensities of 0.013, 0.17, and 2 mW/cm2, the
photocurrent measured are 0.10, 0.16 and 0.38 mA, respectively.
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Figure 6. The measured photocurrents when illuminated with 250 nm of (a) 0.013 mW/cm2,
(b) 0.17 mW/cm2, (c) 2 mW/cm2, and when illuminated with 300 nm of (d) 0.013 mW/cm2,
(e) 0.02 mW/cm2, (f) 0.17 mW/cm2 and (g) 2 mW/cm2, respectively. The device was operated
at room temperature and biased at 3.5 V.

The photodetector’s responsivity, Rλ, is defined as

Rλ =
Iph

plight
, (1)

where Iph is the maximal photocurrent from the detector, and Plight is the total incident light
power on the surface of the detector. It can be estimated based on the experimental data.
Since the exposed surface area of the detector is 15 mm2, 250 nm light power on the surface
of the detector at 13 µW/cm2 intensity is approximately 1.95 µW, leading to a responsivity
of 51 A/W at the bias of 3.5 V. When the intensities were increased to 0.17 mW/cm2, and
2 mW/cm2, the responsivity dropped to 6.3 A/W and 1.3 A/W, respectively. The reduction
in responsivity under greater UV light intensity could be caused by the saturation of the
sensing layer.

The external quantum efficiency (EQE), η, can be expressed by

η = Rλ
hC
λq

(2)

where h is Planck’s constant, c the speed of light, q the electron charge, and λ the in-
cident wavelength. A responsivity of 51 A/W at 250 nm corresponds to a quantum
efficiency of 25.296% when operating at room temperature under an illumination intensity
of 13 µW/cm2 and a bias voltage of 3.5 V. We can also estimate the special detectivity D* at
this wavelength according to the following equation:

D∗ = Rλ

√
A

2qId
, (3)
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where Id = 0.025 mA is the dark current at room temperature (Figure 4a). The calculated
special detectivity is 7.0 × 1012 Jones at a power density of 13 µW/cm2.

To find the photodetector’s response at different UV wavelengths, 300 nm UV light was
also used with different intensities ranging from 0.013, 0.02, 0.17 to 2 mW/cm2, as shown
in Figure 6d–g, corresponding to photocurrents of 0.1, 0.17, 0.24 and 0.46 mA, respectively.
Higher photocurrents were obtained, compared to 250 nm UV light at the same intensities.
The rise time and recovery time, on the other hand, were slightly longer than those under
250 nm wavelength UV light. Because of the MSM geometry, charge carriers generated
close to the surface and top region can contribute to a fast rise time. While charge carriers
generated further away from the surface must take extra time to diffuse to the electrodes,
leading to a longer rise time. We believe that at 300 nm wavelength, the photocurrent of the
prototype was dominated by the photo-generated charge carriers inside the layer rather
than that from the surface, which travels a longer average distance, hence a longer rise time,
to generate the current. Our observations also indicate that the absorption of 250 nm could
be greater than that of 300 nm UV light. However, its lower responsivity at relatively greater
illumination light intensity could be caused by the possible saturation due to its higher
absorption. A trade-off should be made between the photocurrent and response time as the
In2O3 layer thickness is optimized. The response of a device to different light illumination
may also rely on the bandgap width or cross-section parameter of the active layer.

Since the temperature effect of In2O3 UV photodetectors has not been studied by
other groups, it is interesting to see how an In2O3 UV photodetector behaves at different
operating temperatures. Therefore, additional experiments have also been carried out
and the photocurrents responding to 250 nm and 300 nm UV illumination when operated
at room temperature, 180 ◦C and 300 ◦C are displayed in Figure 7. Under 250 nm UV
light, with the increase in operating temperature from room temperature to 180 ◦C, the
yielded photocurrent increases from 0.2 mA to 0.6 mA. However, the contribution of
thermal noise to the obtained photocurrent increases too, as shown in Figure 7a–c. When
the operating temperature was further raised to 300 ◦C, the photocurrent was completely
buried under noise.
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Figure 7. Photocurrents under UV light of 250 nm and 300 nm at an intensity of 0.17 mW/cm2 with a
period of 4 min at 50% duty cycle when operated at (a,d) room temperature (RT), (b,e) 180 ◦C, and
(c,f) 300 ◦C. The bias voltage is 3.5 V.

As shown in Figure 7d–f, under 300 nm UV light of an intensity of 0.17 mW/cm2,
following the increase in temperature from 23 ◦C (RT) to 180 ◦C and then to 300 ◦C, the
photocurrent was first increased from 0.28 mA to 0.47 mA and then decreased to 0.19 mA,
giving a responsivity of 18 A/W at 180 ◦C and 7.3 A/W at 300 ◦C. The trend observed is
similar to what was discovered with the In2O3-based oxygen sensors [28,29]. It is believed
that with the temperature increase, apart from the resistance decrease due to the departure
of adsorbed oxygen on the In2O3 surface, it is possible that the charge-carrier concentration
increases, and the Debye length decreases and thus the sensitivity decreases [16].
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The device also showed a faster response time and recovery time, and other good
features such as excellent stability and repeatability, and a highly stable baseline when
operating at both 180 and 300 ◦C. Upon receiving the UV light, the photocurrent reached
its peak quickly and then dropped to zero gradually after the light source was switched
off. The rise time, τr, which is defined as the interval from 10% to 90% of Imax, and fall
time, τf, which is defined as the interval from 90% to 10% of Imax, are τr = 0.57 s and
τf = 1.4 s, respectively, when the device is irradiated with UV pulses. The short rise time is
attributed to the Pt nanoparticle decoration and the low capacitance of the MSM geometry,
although its responsivity is limited due to the small effective absorbing area caused by the
metallization of the electrodes.

In fact, the noble metal nanoparticles deposited on a metal oxide semiconductor
surface act as electron-hole separators to promote the interfacial charge-transfer kinetics
between the metal and semiconductor as reported in [14]. For example, the Ag-nanoparticle-
decorated ZnO nanowire-based UV photodetector effectively eliminated the common
persistent photoconductivity effect, leading to a significant decrease in the rise time as well
as the dark current. However, the relatively long fall time is possible owing to the well-
known persistent photoconductivity (PPC) effect in metal oxide nanostructure-based UV
photodetectors, governed by the presence of numerous trapping states at crystal defects and
the depth of the trap that prevent the photogenerated minority carriers from recombination
and prolong the recovery time. As a comparison, Table 1 outlines the reported performance
parameters of UV photodetectors operating at elevated temperatures.

Table 1. Comparison of the key device performance of the reported UV photodetectors.

Material Peak λ

(nm)
Responsivity
(A/W)

Bias Voltage
(V) Response Time Temperature

Tested (◦C) Ref

SiC 250 0.1 10 18 s 180 [22]

Diamond 350 2.0 0 < 1 s RT [23]

TiO2 220 0.2 30 20 µs RT [24]

In2O3 quantum dots 290 70 5 - RT [11]

In2O3 nanosheets 254 0.172 - - RT [12]

In2O3 nanoparticles 340 11 20 500 s RT [13]

In2O3 film 300 18 3.5 0.57 s 180 This work

4. Conclusions

In2O3 thin films were synthesized on Si substrates using the RF sputtering technique,
followed by the surface decoration of Pt nanoparticles. The Raman spectroscopy measure-
ments confirmed that the thin films consisted of crystalline cubic In2O3. Finally, an MSM
UV photodetector was fabricated using a simple and low-cost approach. The synthesis
of a thin-film layer used for the UV photodetector eliminated the tight control needed for
a nanostructure counterpart. Furthermore, there was no requirement for an expansive
photolithography process in the device fabrication. A high responsivity to a wide range of
UV light from 250 to 350 nm was demonstrated for the fabricated photodetector, as well as
good stability and repeatability. When operated with a 3.5 V bias at room temperature, a
responsivity of 50 A/W was achieved at 250 nm wavelength. Following a slight increase
in the operating temperature, the fabricated photodetector runs well with improved re-
sponsivity, stability, and repeatability, as well as a faster rise time and fall time. However, a
further increase in operating temperature would eventually lead to high thermal noise that
dominates the output. The obtained experimental data indicated that at under 300 nm radi-
ation, the best performance was achieved at 180 ◦C although the device was still working
properly at temperatures up to 300 ◦C. This characteristic is much better than that of UV
photodetectors based on other materials that were reported to operate at high temperatures
but were generally limited to less than 150 ◦C. This experimental investigation suggests
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that the simple approach described provides quick fabrication of high-performance UV
photodetectors, which could possibly handle a high operating temperature of up to 300 ◦C.
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Abstract: Plasmonic hydrogen gas sensors have become widely used in recent years due to their low
cost, reliability, safety, and measurement accuracy. In this paper, we designed, optimized, and fabri-
cated a palladium (Pd)-coated nano-grating-based plasmonic hydrogen gas sensor; and investigated
using the finite-difference time-domain method and experimental spectral reflectance measurements,
the calibrated effects of hydrogen gas exposure on the mechano-optical properties of the Pd sensing
layer. The nanostructures were fabricated using DC sputter deposition onto a one-dimensional
nano-grating optimized with a thin-film gold buffer to extend the optical response dynamic range
and performance stability; the color change sensitivity of the Pd surface layer was demonstrated for
hydrogen gas concentrations as low as 0.5 vol.%, up to 4 vol.%, based on the resonance wavelength
shift within the visible band corresponding to the reversible phase transformation. Visual color
change detection of even the smallest hydrogen concentrations indicated the high sensitivity of the
gas sensor. Our technique has potential for application to high-accuracy portable plasmonic sensors
compatible with biochemical sensing with smartphones.

Keywords: lattice structure; phase change; plasmonic sensing; nano-gratings; thin films; surface
plasmon resonance; polarization

1. Introduction

Over the last few decades, the use of hydrogen gas has proliferated due to its numerous
applications in industry, medicine, and everyday life as a chemical reactant and an energy
carrier [1,2]. Hydrogen is the most abundant chemical element in the universe [3,4], and is
considered to be an excellent alternative to fossil fuels as a clean and renewable fuel [5–7].
Hydrogen gas is currently being used as a fuel in the aerospace sector [4]. Several chemical
compounds, including ammonia, are synthesized using hydrogen; and some drugs, such as
hydrogen peroxide, are manufactured using hydrogen [4]. Other applications of hydrogen
include the oil and gas industry, petrochemicals, the food industry, fertilizer manufacturing,
welding, and metallurgy [8]. The increased industrial use of hydrogen in combination
with its unusual properties, such as very low density, lightness, and high flammability
(with 4 vol.% as the explosive lower limit in air), call for the need to monitor and carefully
control its concentration [9,10]. Furthermore, hydrogen is a completely odorless, colorless,
and tasteless gas, and so precise and sensitive sensors are required for detection and
measurement in routine and industrial applications [4,5,11].
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Thus, in the past few years, several attempts have been made to develop inexpensive
and precise hydrogen gas sensors, employing various electrical, optical, mechanical, ther-
mochemical, acoustic, and catalytic strategies [4,7,12]. Particularly, optical, or colorimetric
sensing can be devised with a material that changes color in a visually discernible manner
corresponding to the change in the lattice structure upon reaction with a target gas. No
electrical power is required, and the sensor can operate at room temperature, with a high
resistance to electromagnetic interference. As all-optical gas detectors do not generate
electrical sparks, they do not pose a risk of explosion [2,13]. Furthermore, optical sensors
provide higher accuracy alongside a lower limit of detection, shorter response times, as
well as good stability and recyclability (sensing mechanisms based on reversible chemical
reactions) [6,10,14]. Furthermore, in the presence of hydrogen, optical gas sensors based
on surface plasmon resonance (SPR) are more sensitive thanks to the localized field [5].
The plasmonic effect due to collective oscillations of conduction electrons excited by an
external electromagnetic radiation serves as the mechanism in SPR sensors, which in turn
depends on the morphology of the metal-dielectric interface. The optical response can be
induced through localized surface plasmon resonance (LSPR) or propagating surface plas-
mon polaritons (SPP). In fact, SPR sensors have attracted much attention from researchers
in recent years because of their ease of construction, affordability, and portability [15–17].
More specifically, nano-grating structures have attracted the most attention due to their
cost-effectiveness, high sensitivity, and tunable resonance wavelength, and consequently,
they have been widely adopted in scientific research and industry [18–20]. The coupling of
LSPR-enhanced electric fields significantly enhances the sensitivity performance, and, in-
deed, subwavelength interactions of nano-structures supporting the SPP and LSPR modes
can refine the spectral transmission characteristics.

Usually, hydrogen sensing palladium (Pd) or its alloy plays a major role as a catalyst
layer in plasmonic sensors [21,22] due to its high absorption capability (almost three orders
of magnitude greater than its volume), high selectivity, as well as the adjustable LSPR
spectrum [11,23,24]. Upon hydrogen adsorption, the metal Pd transforms into Pd hydride
(PdHx), so that the electrical conductance and optical properties significantly change, es-
pecially the dielectric constant in the visible region [25–27]. The optical response can be
dichotomized into three distinct phases, namely the α-phase, mixed phase, and the fully
formed metal-hydride β-phase. These phases correspond to important response regions for
SPR hydrogen gas sensing. The spectral extinction/transmission/reflection magnitudes,
peak/dip position, and full width at half maximum of the peak/dip can characterize the
reversible chemical reactions of the hydrogen with the metal sensing layer. While a lot of
work has been carried out on hydrogen gas sensing so far, in which plasmonic hydrogen
sensor schemes have also played an important role, a very limited number of these works
have been about hydrogen gas sensor design based on the colorimetric method and that
use practical plasmonic structures that have been experimentally demonstrated. To address
this technology gap, we introduced a novel, easy-to-fabricate, low-cost and portable sensor
platform that works based on color changes of the sensing layer (Pd) surface. Fabrication
of the sensors tend to involve spin coating, RF magnetron sputtering, photochemical depo-
sition, and solution-stirring methods. Conversely, for successful commercial exploitation, a
facile and economical fabrication procedure is required.

Colorimetric sensors utilizing surface plasmon resonance offer a straightforward yet
sensitive method of gas detection that has a simpler structure and better stability than other
colorimetric methods [12,28,29]. In addition, the structural and optical parameters can con-
trol the plasmonic color. Common optical hydrogen gas sensors use optical fibers including
the distributed Bragg grating and tapered single-mode fiber. By applying coatings at the
optical fiber end comprising a silver layer, a thin film of chemochromic material, and a
catalytic layer of Pd, all-optical guided-wave hydrogen gas detectors can be realized [30].
Serhatlioglu et al. [31] numerically studied the effect of varying the dielectric layer thickness
in the metal-insulator-metal interference structure on the spectral absorption characteristics
upon hydrogen exposure that changes the surface color. In another recent work, Duan and
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Liu [32] made scanning plasmonic color displays possible using aluminum nanoparticles
as plasmonic pixels that are switched on/off by hydrogen atom adsorption/desorption on
a magnesium screen. Nugroho et al. [33] inversely designed using a particle swarm opti-
mization algorithm, a plasmonic metasurface based on a periodic array of Pd nanoparticles
that led to ultrasensitive optical hydrogen detection. Luong et al. [34] developed an optical
hydrogen gas sensor platform based on Pd bilayer plasmonic nano-lattices that exhibited
an extended optical response range and enhanced sensitivity for hydrogen gas detection, as
well as an order of magnitude higher optical response speed in the low hydrogen pressure
regime. Hosseini and Ranjar [35] demonstrated a linear blueshift of the LSPR for optical
hydrogen sensing using sputter-deposited Pd film on flame-synthesized nanostructured
MoO3 films.

In this study, we present a colorimetric plasmonic hydrogen sensor based on a one-
dimensional nano-grating and thin-film Pd. Since the nano-gratings used in this sen-
sor design were extracted from a digital optical disk data storage format (Digital Video
Disk or DVD), the sensor inherits attractive technology features of being lightweight,
inexpensive, and very accessible. To enhance the structural quality of the sensor and
to improve the gas sensing performance, we also explored the advantages of having
sputter-deposited gold (Au) as a noble metal buffer layer. It is important to correlate the
hydrogenation/dehydrogenation process with property modifications. When the surface
dissociated hydrogen atoms diffuse into the Pd lattice, phase transitions lead to color
changes according to the hydrogen concentration. Hence, the concentration of hydrogen
gas in the surrounding environment can be determined by measuring the relative intensity
contrast and resonance wavelength shift from the reflectance spectrum. Sensors developed
in this way are low-cost, ocular-safe, portable, and highly sensitive. When paired with
smart systems such as smartphones utilizing machine learning and digital technologies for
environmental monitoring and mobile health, powerful, cost-effective analytical devices
can be realized offering direct and convenient diagnostic solutions.

2. Materials and Methods

A one-dimensional nano-grating structure extracted from a DVD was used as a sub-
strate (see Figure 1a). In contrast to prisms or optical waveguides, these nano-gratings are
small, lightweight, compact, readily available, and inexpensive, allowing them to be used in
portable plasmonic systems. First, the protective layer of the optical disk must be removed
to extract the gratings, as shown in Figure 1a. We removed the pigments from the surface
using ethanol without damage to the grating structure. Thereafter, we washed the sample
in distilled water followed by drying. Pd (40-nm thick) and Au (35-nm thick) layers were
then deposited onto the nano-grating substrate using the DC sputter method. To protect
the sensing Pd layer from damaging ambient gasses and deactivation, the sample was
placed in a vacuum chamber. Figure 1b,c illustrates, respectively, the optical configuration
in the vacuum chamber and the overall experimental setup. The cylinder-shaped steel
chamber had a window through which the sample was connected from the back by an
index-matched gel. An index-matching medium is essential to allow efficient radiative
coupling. A mass flow controller (MFC) was used to control the gas flow of hydrogen
and argon into the chamber so that the gas concentrations could be precisely regulated
and monitored.

For this study, the optical apparatus was based on a versatile micro-reflectivity setup to
investigate the optical properties of hydrogen adsorbent surfaces. Unpolarized light from a
broadband halogen lamp (Thorlabs, Newton, NJ, USA, OSL2 fiber optic illuminator) was
polarized with a Glan-Taylor prism (GT10-A) to produce TM polarization. The polarized
light was then focused onto the sample using an objective lens (Thorlabs), and the reflected
light was collected and coupled into a UV-VIS spectrometer (Ocean Optics, Ostfildern,
Germany, NANOCALC-XR) using an achromatic lens (Thorlabs). The intensity reading
of the broadband light source below 420 nm and above 730 nm was almost zero (see
Figure 1b).
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Figure 1. Fabrication, experimental configuration, and measurements. (a) Fabrication process of
the plasmonic hydrogen gas sensor (with Au buffer layer). (b) Schematic of the optical setup in the
vacuum chamber for reflectance measurements. The inset shows the spectrum of the broadband
light source measured using the same spectrometer. (c) Photograph of experimental setup including
indicators of the hardware components used. (d) FDTD simulated and experimental reflectance
spectra from the nano-grating/Pd structure prototype without or with hydrogen exposure at different
volumetric concentrations (0 to 4 vol.%), and (e) experimental and theoretical comparison of the
reflectance spectra in the presence or absence of hydrogen, from the DVD-Pd nanostructure film. The
incidence angle was 44◦.
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The sensing Pd crystal has a face-centered cubic (FCC) lattice structure. When the
hydrogen atoms are adsorbed on the surface, they occupy the interstitial (octahedral) sites
of the FCC lattice [36]. The high selectivity toward hydrogen is because of the higher
hydrogen permeability in the Pd lattice compared to that of other gasses. In general,
hydrogen penetration into the Pd lattice leads to the formation of metal hydride (PdHx) in
different phases and correspondingly alters its structure and properties. At low hydrogen
gas concentrations, the α-phase is formed of the Pd lattice and there is no significant change
to the lattice structure [11,37]. As the hydrogen gas concentration increases further, patches
of the metal hydride can be formed as the so-called β-phase in the Pd lattice. Hence,
the α-phase and β-phase will be simultaneously present in the FCC lattice. The metal
hydride’s behavior is dependent on the temperature [24]. With increasing penetration of
hydrogen, the Pd lattice transforms from the mixed α- and β-phases into the pure β-phase
and the Fermi level shifts due to a significant volume expansion. Furthermore, the dielectric
response function of the Pd hydride will be completely modified from that of pure Pd,
with significant changes to the real and imaginary parts of the Pd hydride’s dielectric
response function [21,25]. This phase transition in the sensing layer is therefore responsible
for modifications of the electrical and optical properties, such that the modulating surface
color can provide opportunities for remote sensing.

We utilized the Lumerical software and the finite-difference time-domain (FDTD)
method to compute and investigate the optical characteristics of the sensor structures
employed. We established the geometric specifications of the nano-grating, defining one
period as a unit cell with three-dimensional periodic boundary conditions. A perfectly
matched layer (PML) boundary condition was applied on the structure perimeter. Using a
frequency-domain field and power monitor in the simulation environment, we computed
the reflection spectra from the structures. To achieve acceptable convergence characteristics,
we used a mesh size of 2 nm × 2 nm × 2 nm. We modeled the thin BK7 borosilicate
glass of the vacuum chamber window as a substrate in the simulation domain. A Pd
metal layer directly fabricated on a one-dimensional nano-grating forms the basis of the
initial structure. Therefore, we determined the optimal Pd layer thickness to obtain the
most suitable visible resonance wavelength, and then collected the spectral reflectance
for the range of angles of incidence from 40◦ to 60◦. Then, by using reputable sources for
the refractive index and extinction coefficient for the Pd hydride [38], we compared its
reflectance spectrum with that of pure Pd (see Figure 1d). To excite the surface plasmons,
we used a one-dimensional nano-grating that equates the incident light wave vector (Klight)
with the plasmon wave vector (KSPP). Using atomic force microscopy (AFM) imaging,
we obtained measurements of the periodicity, height, and the widths of the nano-grating.
The nano-grating geometry will have an influence on the sensor performance, and one
of the most important parameters is the periodicity. The relationship with nano-grating
geometry when the surface plasmon polaritons are excited at a specified wavelength λ can
be expressed as [39]:

2π

λ
sin θ + m

2π

P
= ±2π

λ

√
εmn2

d
εm + n2

d
(1)

where m = 0, ±1, ±2, ±3, . . . is the diffraction order, P is the grating period and εm is
the dielectric constant of the metal. θ is the light incidence angle on the grating and
nd is the refractive index of the dielectric medium coating the grating. The resonance
wavelength redshifts with periodicity. The height and width of the nano-grating are
the other parameters influencing the resonance wavelength and shape of the reflectance
spectrum, in turn governing the sensor performance. When the height or width of the nano-
grating increases, the resonance wavelength redshifts or blueshifts, respectively [39,40]. For
the range of hydrogen concentrations studied, the optical simulations results, accounting
for the properties of the Pd sensing layer (and Au buffer layer), show that in terms of the
periodicity and height of the nano-grating, the structure parameters in the optical disk
compare well with that required for placement of the resonance wavelength in the optical
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regime. We therefore find that the nano-grating geometry extracted from the DVD is most
suitable to establish our colorimetric scale, thus combining a high sensitivity performance
with the unique benefits of the ease of availability of substrate materials, as well as the
low-cost and low-complexity fabrication of the sensor, and portability.

After the sample preparation, we placed the sample inside the vacuum chamber,
which operated with a turbopump until a 10−6 mbar pressure was reached. This allowed
us to analyze the effect of varying quantities of hydrogen adsorption on the structure more
precisely. By using MFCs, a steady stream of argon and hydrogen gas was introduced
into the chamber at the targeted volumetric concentrations. The sample was affixed to
a microscope stand and attached to the center of a rotator onto which an optical system
was mounted (concentric with a microscope stand). For the aforementioned angles, we
recorded the spectral reflectance at room temperature with and without hydrogen expo-
sure. We then pumped the sample chamber to a high vacuum and flushed the sample
with pure argon gas after each loading of a hydrogen concentration for 5 cycles to en-
sure minimization of the hysteresis effect. Adsorption/desorption hysteresis and phase
transformation properties can otherwise be very common in metal-hydride configurations.
The experiments were repeated at least three times under the same conditions to confirm
good reproducibility of the measurements. That the readings were essentially identical
also ensured the repeatability and reliability of the results. By evaluating and comparing
the theoretical and experimental reflection spectra, we determined 44◦ as the ideal angle
for measurement due to the resonance depth and its placement inside the visible range
(Figure 1d,e). For this structure, Figure 1e demonstrates close agreement of the simulated
and experimental reflectance spectra and plasmonic resonance wavelength characteristics.
Notably, the feature reflectance dip was caused by the activation of the surface plasmon
at this wavelength since the light strikes the nano-grating from behind and there is no
waveguide mode in this case [41].

3. Results and Discussion

Our goal was to determine the amount of hydrogen gas present in the environment by
calibrating the number of color changes (RGB) in the sensing layer (Pd). Additionally, we do
not alloy the sensing metal with other metals or use a protective layer because that is known
to diminish the color variation of the sensing layer and more complex fabrication processes
are mandatory for alloy nanostructures. The resonance wavelength for the as-fabricated
nano-grating/Pd structure was approximately 660 nm without hydrogen exposure. As
shown in Figure 1d,e, peak broadening and redshift in the resonance wavelength were
observed upon hydrogen gas exposure. In principle, the amount of hydrogen adsorbed
on the Pd sensing material leads to a corresponding proportionate change in the physical
and optical properties, thereby affecting the reflectance spectra and the surface color. When
hydrogen adsorbs on the Pd layer, the metal hydride (PdHx) forms. The conversion of Pd
into PdHx upon hydrogen gas exposure is accompanied by a refractive index change in the
sensing layer. Hence, the redshift in the resonance wavelength, where the absorption is
maximum, indicates the refractive index change of the sensing material. For the hydrogen
concentrations ranging from 0.5 to 4 vol.%, the resonance wavelength was ideally located
within the visible range (see Figure 1d–e), so that the prototyped platform is feasible for
colorimetric sensing applications. However, owing to the cyclic adsorption and desorption
of hydrogen gas and the consequent expansion and contraction of the sensing metal
lattice, damage is caused to the surface of the Pd sensing material and cracking can occur
when a single layer is used, thereby degrading the nanostructure’s mechanical stability.
Furthermore, due to rapid saturation by gas adsorption, sensors based on a single metal
layer operate well only within a narrow range of gas pressures [10,18]. To resolve the
abovementioned challenges, Au was deposited as a buffer layer between the nano-grating
and the Pd layer to enhance surface adhesion, lower pressure on the Pd sensing layer, and
further stabilize the mechanical integrity. The addition of the Au layer may also enhance
the measurement of rise and fall times [10,37,42].
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In our simulation results (Figure 2a), we determined the appropriate thicknesses of
the Pd and Au layers and identified the optimal resonance wavelength from the reflection
spectrum for incidence angles between 40◦ to 60◦. The resonance wavelength was approx-
imately 670 nm without hydrogen exposure. When loading the appropriate amounts of
hydrogen gas concentration, the experimental spectral reflectance showed similar charac-
teristics to that in the simulations (Figure 2a,b). As can be seen, the inclusion of the Au layer
caused a redshift in the resonance wavelength, while the resonance wavelength remained
in the visible range at the volumetric concentrations under study, allowing the device to be
suited for colorimetric sensing operations.
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respect to volumetric concentration, with a measurement relative error estimated at ± 0.8 nm. Data
from the nano-grating/Pd structure are also included for comparison. The incidence angle was 44◦.
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The spectral shift of the resonance wavelength with hydrogen concentration is shown
in Figure 2c for the nano-grating/Pd and nano-grating/Au/Pd structures. We find that
when compared to the nano-grating/Au/Pd structure, the nano-grating/Pd structure with-
out the Au buffer exhibits a larger wavelength shift when exposed to hydrogen. Moreover,
due to modifications of the Pd lattice constant in either structure by hydrogen adsorption,
the phase transition from the α-phase to the mixed α- and β-phases is nonlinear, exhibiting
a large, abrupt transformation in phase above a threshold volumetric concentration.

As shown in Figure 3a, the secondary electron image confirms the periodicity and
uniformity of the nano-gratings. The sensitivity performance is governed by the struc-
tural configurations of the prototyped nano-grating/Pd and nano-grating/Au/Pd designs
(Figure 3b). Compared to the nano-grating/Pd structure, the Pd phase transition for the
nano-grating/Au/Pd structure is slower with respect to the amount of hydrogen adsorp-
tion on the surface sensing layer, resulting in an improved dynamic range and performance
stability (see Figure 2c). Whereas the sensing response for the nano-grating/Pd structure
rapidly saturates after the transition from the α- to β-phase of the sensing material, the
saturation of the sensitivity performance is deferred to higher hydrogen concentrations
for the nano-grating/Au/Pd structure due to the slower phase transition, thus extending
the dynamic range. Sensors generally perform in a limited pressure range; these sensors
usually exhibit a large response around the hydride formation pressure. Without the Au
buffer layer, the expansion and contraction of the Pd lattice will be relatively large and
rapid, thus directly affecting the stability of the Pd sensing layer. Conversely, adding the
Au buffer layer between the Pd and nano-grating layer not only enhances the surface
adhesion between the sensing and substrate material, but also reduces the pressure in the
Pd lattice; this is because the Au layer acts as a diffusion barrier, preventing hydrogen
atoms from diffusing too deeply into the Pd layer and causing excessive lattice expansion.
The slower and milder Pd lattice expansions/contractions with respect to the hydrogen
adsorption/desorption underlie an enhanced mechanical stability of the sensing layer.

Figure 3c exhibits the visual color changes of the Pd layer according to the CIE 1931
color space diagram for the various volumetric concentrations of hydrogen. The phase
transition occurred between 1 to 2 vol.% and 2 to 3 vol.% for the nano-grating/Pd and nano-
grating/Au/Pd nanostructure films, respectively. We can utilize these gasochromic results
to operate an efficient system platform for domestic and industrial sensing applications.
This platform may include a smartphone that can accurately and directly measure the color
changes of the sensing layer surface in a continuous fashion through real-time image capture
and processing, adopting high-performance industrial machine vision standards involving
specialized image processing software. As a result, we will have a compact and accurate
colorimetric plasmonic hydrogen sensing platform suitable for any form factor. While our
focus has been to investigate the color change sensitivity of the Pd surface layer in response
to the different gas concentrations up to 4 vol.%, which is the flammability limit at normal
atmospheric pressure in oxygen, our work has so far demonstrated sensitivity to hydrogen
concentrations as low as 0.5 vol.%. The corresponding color changes extending through to
this low gas concentration are completely noticeable, and thus we have numerically and
experimentally demonstrated a more sensitive and accurate plasmonic sensor than that
reported in other papers that also use the colorimetric method [43,44]. Color changes on
the sensing layer are virtually insignificant at lower hydrogen concentrations, and they
either border on or exceed the threshold for human visual detection. Nevertheless, we can
still measure the amount of resonance wavelength shift (although very small) for hydrogen
concentrations as low as 0.2 vol.% using a spectrometer. However, it is usually not practical
or necessary to detect such trace amounts of hydrogen in routine domestic and industrial
screening processes.
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Figure 3. Physical and color structure of the prototyped sensor. (a) Scanning electron microscope
image of nano-grating. (b) Schematic cross-sections of the nano-grating/Pd and nano-grating/Au/Pd
structures. (c) MATLAB simulations of color changes of the Pd layer due to hydrogen adsorption at
different concentrations (vol.%) according to the CIE 1931 color space diagram for the (left): DVD/Pd
structure and (right): DVD/Au/Pd structure.

4. Conclusions

The requirement to fabricate a hydrogen gas sensor is crucial. Plasmonic sensors
have received more attention than electrical, mechanical, thermochemical, acoustic and
chemical sensors because of their manifold advantages, such as being more sensitive,
reliable and safer without electrical contacts. Here, we designed, optimized, fabricated
and demonstrated a plasmonic structure consisting of a one-dimensional nano-grating
for excitation of the surface plasmons, using Pd as the sensing metal. For sensitivity
performance optimization, an Au buffer layer was incorporated between the Pd and the
nano-grating. By fine-tuning the thickness of the active nanomaterial layers, the optical
response to hydrogen adsorption at full concentration was located within the visible region.
The simulations and experiments demonstrated nearly similar behaviors in the reflectance
spectra and plasmonic resonance wavelengths, with or without ambient hydrogen gas. We
calculated the optical response based on the color changes of the plasmonic structures and
demonstrated the feasibility of the gasochromic and optical hydrogen gas sensor based
on the metal-coated one-dimensional nano-grating. This work paves a route for portable
and accurate colorimetric plasmonic hydrogen sensors fabricated using a facile thin-film
DC sputter deposition approach. Nevertheless, challenges will include the need to record
high-quality and high-resolution images in combination with powerful and advanced
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programming logic devices for industrial-scale utility. Detection accuracy will rely on
advanced computational methods and hardware, especially for detection at ultra-low
hydrogen concentrations (<0.5 vol.%).
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Abstract: In the present research work we have examined the biosensing capabilities of one-dimensional
photonic crystals with defects for the detection and sensing of malaria infection in humans by
investigating blood samples containing red blood cells. This theoretical scheme utilizes a transfer
matrix formulation in addition to MATLAB software under normal incidence conditions. The purpose
of considering normal incidence is to rule out the difficulties associated with oblique incidence. We
have examined the performance of various structures of cavity layer thicknesses 1000 nm, 2200 nm,
3000 nm and 5000 nm. The comparison between the performances of various structures of different
cavity thickness helps us to select the structure of particular cavity thicknesses giving optimum
biosensing performance. Thus, the proper selection of cavity thickness is one of the most necessary
requirements because it also decides how much volume of the blood sample has to be poured into
the cavity to produce results of high accuracy. Moreover, the sensing and detection capabilities of the
proposed design have been evaluated by examining the sensitivity, figure of merit and quality factor
values of the design, corresponding to optimum cavity thickness.

Keywords: photonic crystals; biosensors; transfer matrix method

1. Introduction

The pioneering research work on photonic crystals (PCs) by two scientists, Yablonovitch
and John in 1987, has revolutionized the research field of optical engineering and technol-
ogy [1,2]. PCs have commendable control of the propagation of light passing through them.
The periodic modulation of refractive indices of the constituent materials of PC results in
the formation of photonic band gap (PBG) due to Bragg scattering of incident waves from
the interfaces between the various material layers of the structure [3,4]. PBG restricts the
propagation of light of specific frequencies from the structure and allows the propagation
of light of other frequencies to pass through. PCs can be classified into three categories,
depending upon the modulation of the refractive index of the constituent materials in x, y
and z directions as one-dimensional (1D), two-dimensional (2D) and three dimensional
(3D) PCs. The ease of fabrication techniques associated with 1D PCs motivated the photonic
engineers to explore the biosensing capabilities of 1D photonic structures with a defect.
In recent years, the rapid, advanced and accurate biosensing capabilities of 1D defective
photonic crystal (DPC) have attracted the attention of photonic technocrats to design and
develop photonic biosensors due to their importance in the field of applied sciences, such
as for security, medical, defense, food detection, environment, and aerospace worldwide [5].
Actually, the creation of an empty space known as a cavity region inside photonic structures
is responsible for the break in periodicity which results in the existence of a sharp tunneling
peak inside the PBG of the structure. The optical properties of the tunneling peaks (also
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called the defect mode) are strongly dependent upon both the refractive index and the
thickness of the cavity region. This property of the defect mode is very useful in designing
various biosensors consisting of 1D DPCs [6–8]. For example, Zaky et al. suggested a
plasma cell sensing device based on 1D DPC for the detection and sensing of convalescent
plasma whose refractive index variation is restricted between 1.3246 and 1.3634 [9]. Another
photonic design capable of detecting glucose concentration levels has been investigated
by Asmaa et al. Their design works on the principle of Fano-resonance, which is excited
across the interface between PC and metallic capping mounted on top of the structure [10].
In contrast to the conventional biosensing technologies based on plasmonics and photonic
crystal fibers, 1D DPC based biosensors are highly sensitive sensing mechanisms due to
the ultra-high localization of light inside the cavity region. Additionally, 1D DPC based
biosensing lowers down the volume requirement of the sample under investigation [11].
Moreover, 1D DPC based sensors are compact in size and easily accommodated in a com-
plex environment [12]. Moreover, the compatibility between 1D photonic structures and
integrated photonic circuits encourages their extensive role in the fields such as force–strain,
temperature, liquid, pressure, displacement, gas and biomedical engineering [13–15].

Nowadays, blood examination is an essential tool for identifying hematological dis-
orders which are responsible for a series of non-communicable diseases such as diabetes,
coronary artery, cancerous and respiratory [16]. As per the report of the World Econom-
ical Forum, published in September 2011, these diseases were the root cause of around
36 million mortalities across the world [17]. Therefore, examining the human blood sample
is one of the cheapest, most necessary and easiest ways to carry out regular and periodic
health monitoring. The blood sample examination helps in identifying the diseases and
become a foundation for proper treatment. Human blood is made up of a large number
of bio-constituents which are approximately more than 4000 in number [18]. Actually,
nowadays, blood optics play an important role in biophotonic sensing and clinical therapy
applications [19]. The absorption and scattering characteristics of light interacting with the
blood sample depend on the refractive index of the erythrocytes present in the blood sam-
ple, which is strongly dependent upon the hemoglobin concentration of erythrocytes [20].
Blood is a highly functional bodily fluid whose refractive index is complex in general [21].
More than half of human blood is made up of blood plasma, which contains various pro-
teins such as red and white blood cells, enzymes, albumin, hormones, glucose, minerals,
etc. [22] The supply of oxygen from lungs to different body parts is being accomplished by
hemoglobin, also known as a main protein present in red blood cells (RBCs). On the other
hand, white blood cells (WBCs) which are also known as leukocytes, strengthen our body
to fight against various infections [23]. The dielectric properties of human blood have great
relevance in various medical applications such as early stage detection of cancer cells in the
human body and several other diseases. For example, the dielectric blood coagulometry
helps us to analyze the whole spectra of human blood to understand the biological, physical
and chemical properties comprehensively [24].

Malaria is one of the fatal diseases caused by protozoan parasites of the genus plas-
modium [25,26]. Untreated or misdiagnosed malaria may become a root cause of death
globally. According to the World Health Organization (WHO), around 405,000 casualties
out of 228 million malaria cases were reported in 2018 worldwide [27]. If someone is
bitten by female anopheles mosquito protozoan, parasites enter into the red blood cells
of the human body through the liver [28]. The presence of protozoan parasites in the
RBCs results in structural and biological change in RBCs. This modification degrades
hemoglobin, which is the main constituent of RBCs. This degradation of hemoglobin
becomes nutrition for protozoan parasites. These parasites digest hemoglobin of the hu-
man body as a free ferrous heme, which is quickly transformed into ferric heme and are
highly toxic. This transformation results in the change in the homogeneous structure of
RBCs. Malaria diagnosis must be speedy, reliable and very accurate for their eradication
via timely treatment [29,30]. At present, various conventional approaches are being used
in malaria diagnosis, and all of these conventional approaches have limitations due to
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their laboratory requirements and/or the complexity involved in investigation. Some
other limitations associated with the conventional approaches are sample size requirement,
sensitivity, result accuracy, time-consumption and difficulties associated with early-stage
detection of malaria, depending upon the stage of infection [31]. On the other hand, 1D
photonic biosensors can satisfactorily address all the above issues pertaining to timely and
early-stage detection of malaria infection in humans. Moreover, investigations conducted
by 1D photonic biosensors are rapid and cost effective, which brings the medical expenses
within the reach of poorer people. For example, Somaia et al. explored the biosensing
application of 1D PC by studying the propagation of a p polarized wave through 1D PC.
They have shown a 714% improvement in the sensitivity of the structure as compared to the
waveguide based conventional sensors [32]. Both Mahdi et al. and Taya have exploited the
defect mode properties of 1D ternary photonic structure for minute refractometric sensing
application loaded with the various analytes having refractive index variation between
1.00 to 1.06 and 1.33 to 1.35, respectively [33,34]. In addition, Banerjee has suggested how a
1D ternary photonic structure can be used as an enhanced sensitivity gas sensor [35]. The
surface plasmon resonance driven photonic crystal fiber based biosensing structures are
suggested by research groups of Qingli et al. and Zhiwen et al. [36,37]. Tongyu et al. sug-
gested the PC cavity coupled photonic sensor for simultaneously sensing refractive index
and temperature by using an electromagnetically induced transparency effect [38]. Recently,
Zina et al. suggested how 1D PC consisting of cold magnetic plasma and quartz materials
according to the Copper mean sequence can be used for the detection of the magnetic field
direction by studying the external magnetic field dependent movement of ultra large PBG
of the structure [39]. Parandin et al. suggested a 2D photonic biosensor made up of circular
nano-rings between the waveguides for the detection of various blood components [40,41].
Liu et al. demonstrated how a 2D PC based cavity structure can be used as a quality
sensor for the detection of ethanol [42]. Olyaee et al. designed a pressure sensor composed
of a 2D PC of ultra-high sensitivity and resolution, by performing finite difference time
domain simulation [43]. Moreover, Claudia has suggested how porous silicon material
based photonic biosensing structures can be used as high performance sensors [44].

The present work is focused on the biosensing properties of 1D DPC for the diagnosis
of various stages of malaria infection present in human body. The organization of the
present manuscript is as follows. Section 2 deals with the structural design of the proposed
work. Theoretical formulation is discussed in Section 3. The results of this work are given
in Section 4. Section 5 deals with conclusions of the proposed work.

2. Structural Design

Figure 1 represents the structural design of the present blood sensor composed of
1D DPC for the detection of various stages of malaria infection. The present biosensing
structure (AB)NC(AB)N/GS can easily be fabricated by creating a defect layer C of air at the
middle of the 1D PC composed of alternating layers A and B of materials: silicon (Si) and
lanthanum flint (LAFN7), respectively. The alphabet N represent the period number of the
structure. The ion-bean sputtering technique can be used for the fabrication of the proposed
biosensing structure composed of Si and LANF7 on glass substrate for the detection of
malaria infection through red blood cell (RBC) samples containing Cell A, Cell B, Cell C,
Cell D and Cell E separately [45–47].
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Figure 1. Schematic view of the proposed blood sensor for malaria detection and sensing composed
of 1D photonic crystal with single defect.

3. Theoretical Formulation

In order to obtain the simulation results through MATLAB software, we have used a
transfer matrix method [48,49]. This is one of the most suitable techniques for the compu-
tation of simulation results of the proposed 1D photonic biosensing structure. According
to this method, the amplitudes of electric and magnetic fields associated with incident
and transmitted electromagnetic radiation at either ends of the structure, i.e., incident and
transmitted ends, are connected via transfer matrix as

Z = (z1z2)
Nz3(z1z2)

N =

(
Z11 Z12
Z21 Z22

)
(1)

Here, Z11, Z12, Z21 and Z22 are representing the elements of resultant transfer matrix
Z. The z1, z2 and z3 are being used for representing the characteristic matrix of layers A, B
and C, respectively [50].

The coefficient of transmission t of the proposed biosensing structure [air/(Si/LAFN7)N/
cavity/(Si/LAFN7)N/GS] is defined as

t =
2p0

(Z11 + Z12 ps)p0 + (Z21 + Z22 ps)
(2)

Here, p0 = n0 cos(α0) and ps = ns cos(αs) are corresponding to input and exit ends of
the structure, respectively, for s-polarized wave. For p-polarized wave, p0 = cos(α0)/n0 and
ps = cos(αs)/ns. Additionally, α0 and αs are representing angles of incidence and emergence
in incident and exit media, respectively.

Finally, the transmittance = of the proposed biosensing structure is

= =
ss

s0
|t|2 × 100 (3)

4. Results and Discussions

The transfer matrix method as discussed above has been applied over the proposed
1D defective photonic structure (AB)NC(AB)N/G as presented in Figure 1. We have used
MATLAB software to obtain the transmittance of the proposed biosensor under normal
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incidence conditions. The purpose of considering the normal incidence is to overlook the
challenges associated with the oblique incidence, along with the requirement of transverse
electric and transverse magnetic modes of incident light. The entire simulations have been
carried out in the visible region of the electromagnetic spectrum, extending from 600 nm to
700 nm. The materials silicon (Si) and lanthanum flint (LAFN7) have been used to fabricate
the layers A and B of the proposed 1D multilayer stack of refractive indices, nSi = 3.5 and
nLAFN7 = 1.7, respectively, on the glass substrate of refractive index ns = 1.57. The purpose
of selecting Si and LAFN7 materials in our design is to ensure a large refractive index
contrast between the high and low refractive index layers of the proposed structure, which
is one of the essential requirements for getting wider as well as deeper photonic band
gap (PBG). The depth of the PBG may also be increased by increasing the period number.
However, instead of increasing the period number of the design, we have preferred to
ensure large refractive index contrast to obtain wider PBG. The wider PBG also increases
the possibility of having a large number of resonant transmission peaks whose central
wavelengths are restricted inside the PBG of the structure. Moreover, larger PBG also
improves the number of blood samples to be investigated by our design, depending upon
their refractive index variation. In the present work the refractive index variation between
the blood samples is from 1.371 to 1.408 depending upon the stages of malaria infection
(Table 1). In this simulation work, the thicknesses of layers A and B are taken as dA = 70 nm
and dB = 400 nm. The period number N has been fixed to 10. The defect layer of thickness
dd = 300 nm has been created at the middle of the proposed biosensor by disturbing the
periodicity of the design, as shown in Figure 1.

Table 1. Refractive index values of various cells depending upon the hemoglobin concentration
within RBCs [28].

Stage of Infection RBC Component Refractive Index Hemoglobin
Concentration (g/dL)

Healthy Cell A 1.408 30.9
Ring Cell B 1.396 25.59

Trophozoite Cell C 1.381 19.78
Schizont Cell D 1.372 16.28
Schizont Cell E 1.371 15.9

4.1. Description of Malaria Samples Used

In this study, we have investigated four samples of malaria-infected red blood cells
(RBCs) as B, C, D and E cells with respect to the sample containing healthy RBCs, referred
as cell A. Here, cells B, C, D and E correspond to different stages of malaria infections with
respect to cell A, which represents the healthy stage. Table 1 gives the refractive index
of values of samples containing healthy and malaria infected RBCs obtained by Agnero
et al. [51]. They suggested an optical method based on the transportation of the intensity
equation which differentiates between malaria infected and healthy RBCs by combining
the topography, three dimensional reconstruction of refractive index and deconvolution of
RBCs. Actually, RBCs are a mixture of 32% of hemoglobin surrounded by 3% membrane
and 65% water [52]. RBCs can be considered as an aqueous solution in which hemoglobin
is dissolved. Both Kevin and Tycko et al. suggested that the change in the hemoglobin
concentration within RBCs results in the significant change in the refractive index of cells as
shown in Table 1 [53,54]. The refractive index and hemoglobin concentration within RBCs
are the two essential parameters which are usually used to identify whether or not RBCs
belong to a healthy or malaria infected person.

In healthy RBCs, hemoglobin is one of the major of components of cells. These healthy
cells are physically identified by their biconcave shape, whose edges are thicker than the
middle. The main function of RBCs is to maintain flow of oxygen and carbon dioxide
inside the human body. Hence, if RBCs are healthy, it means the flow of O2 and CO2
inside body is perfect. For healthy RBCs, the range of hemoglobin concentration of cell A
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should be between 28 g/dL and 36 g/dL, which corresponds to refractive index values
between 1.402 and 1.409, respectively [28]. If someone is bitten by the female Anopheles
mosquito, parasites enter into the body and reach the RBCs through the liver. The presence
of parasites in RBCs initiates the biochemical and structural changes of host cells due to
which homogeneous structure of cell is lost. Moreover, the presence of parasites into the
cells also decreases both the hemoglobin concentration and refractive index value of that
cell. Therefore, the presence of parasites within the various cells is ensured by the region
having a low refractive index [28–30]. This is the first stage of malaria infection and is called
the ring stage. In this stage, the shape of the RBC remains biconcave and the infected cell is
named as cell B. After the ring stage, the malaria infection reaches the trophozoite stage. In
this stage, parasites are mature enough and have a more intense metabolism because host
cells C lost their biconcavity. Finally, infection reaches to its prominent stage, called the
schizont stage. In this stage, the growth of the parasites reaches to an advanced level and the
corresponding infection is called cell D. By knowing the refractive index and concentration
of the cell in the RBCs, one can easily identify the schizont stage of malaria infection by
means of an optical route. Generally, the refractive index and hemoglobin concentration
of quasi-identical cells D and E are different even though both are representing the same
stage of infection, as shown in Table 1 [25–30].

We have also performed the linear curve fitting, as shown in Figure 2, over the
data given in Table 1, to extract an expression which gives the hemoglobin concentration
(CHb) inside RBCs corresponding to the refractive index (nRBC) of the samples depending
upon the distribution of cell. It can be clearly seen from Figure 2 that the increase in the
refractive index of the cell is due to the increase in the hemoglobin concentration within
RBC samples. The red line in Figure 2 is representing a liner curve fitting equation obtained
from simulated data. The change in hemoglobin concentration within RBCs can easily be
obtained by putting the value of nRBC in the curve fitting equation given below:

CHb = 402.35nRBC − 535.8
(

R2 = 0.9992
)

(4)
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Figure 2. The diagram showing refractive index of RBC components containing cells A, B, C, D and
E dependent upon the hemoglobin concentration of blood.
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Here, R2 represents the square of the correlation coefficient which determines the
accuracy between the simulated and curve fitting data. The higher value of R2 is always
accepted to validate the results.

4.2. Initialization of Biosensing Application of the Proposed Design Loaded with Water Sample

The empty space of the defect layer is infiltrated by a pure water sample of refractive
index 1.333 to initiate the biosensing application of the design. The infiltration of the water
sample into the cavity of the proposed biosensor results in the confinement of light into
the cavity region. This confinement of light appears as a defect mode of unit transmission
inside the photonic band-gap of the structure located at 620.9 nm, as shown in Figure 3.
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Figure 3. Transmission spectra of proposed biosensor loaded with water sample corresponding to
cavity of thickness dd = 300 nm at normal incidence.

For analyzing the performance of the proposed design one may use the approach
suggested by us. Firstly, both the ends of the biosensor are connected with single mode
fiber (SMF) through precision positioning equipment to avoid errors during measurements.
The light from the polychromatic source is launched into the structure via the input end of
the design through SMF. The output terminal of the proposed design is connected with the
optical spectrum analyzer (OSA) through SMF for the projection of the biosensing results
into the monitor via computer. The qualitative setup for analyzing the performance of the
proposed biosensing is shown in Figure 4, below, as per our understanding, though the
findings of the proposed work are based on theoretical simulation which has been carried
out with the help of the transfer matrix method in addition to MATLAB software.
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Figure 4. Experimental setup is required for the measurement of transmission response of the
biosensor. Here, letters A, B and C represent silicon, lanthanum flint and air layers of the structure
fabricated on the glass substrate S.

4.3. Evaluation of Biosensor Performance Loaded with Different Blood Samples

In this section, we are highlighting the biosensing capabilities of the proposed design
loaded with hemoglobin blood samples containing Cell A, Cell B, Cell C, Cell D and
Cell E, one at a time for the diagnosis of malaria infection. Figure 5, below, shows the
transmission spectra of the proposed biosensor loaded with different five RBC samples
under examination. The defect mode peaks of unit transmission shown in blue, black, red,
yellow and purple solid line colors are corresponding to RBC samples containing Cell A,
Cell B, Cell C, Cell D and Cell E, respectively, under investigation. After recording the
central wavelength of each defect mode inside PBG with the help of the setup described
above, we have calculated the sensitivity of the design of cavity thickness dd = 1000 nm
with the help of the following equation [6–11]:

S =
dλ

dn
(nm/RIU) (5)

Here, dλ is representing the change in the position of central wavelength of the defect
mode associated with the particular sample with respect to the water sample, and dn is the
corresponding difference between the refractive index of that sample with water.

The proposed biosensor could achieve a maximum sensitivity value of 148.1 nm/RIU,
corresponding to defect layer thickness dd = 1000 nm. A high value of sensitivity is always
desirable for the designing of any high performance photonic biosensor, so we have given
our efforts to improve the sensitivity further. For this purpose, we have randomly chosen
some higher values of cavity thickness such as dd = 2200 nm, 3000 nm and 5000 nm, also
keeping all other parameters of the design fixed as discussed above. The transmission
spectra of the proposed biosensing structures corresponding to defect layer thicknesses
dd = 2200 nm, 3000 nm and 5000 nm are plotted in Figures 6–8, respectively.
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Figure 5. Transmission spectra showing five defect modes in solid blue, black, brown, yellow and
purple line colors corresponding to RBC sample containing A, B, C, D and E blood cells separately,
one at a time. The thickness of cavity layer is dd = 1000 nm under normal incidence.

The comparison of Figures 5–8 shows that as the defect layer thickness increases,
the defect modes corresponding to all five samples show red shifting. This shifting is
between wavelength range 626 nm to 633 nm corresponding to dd = 3000 nm and 658 nm
to 675 nm corresponding to dd = 5000 nm, respectively. Further increase in the defect layer
thickness results in the movement of defect modes beyond 665 nm, i.e., outside the PBG
extending from 620 nm to 665 nm (Figure 3). There is one more common observation, that,
corresponding to defect layer thickness 2200 nm, 3000 nm and 5000 nm, the intensity of all
defect modes associated with the five samples is slightly reduced. However, this reduction
does not affect the performance of the design, due the fact that the reduced intensity of
defect modes is significantly higher in comparison to the threshold limit of the OSA, which
is used for the detection of defect modes under the influence of different RBC samples. The
numeric values of the sensitivity of the proposed designs corresponding to cavity thickness
dd = 1000 nm, 2200 nm, 3000 nm and 5000 nm have been summarized in Table 2 below.
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Figure 6. Transmission spectra showing five defect modes in solid blue, black, brown, yellow and
purple line colors corresponding to RBC sample containing A, B, C, D and E blood cells separately,
one at a time. The thickness of cavity layer is dd = 2200 nm under normal incidence.

Table 2. Sensitivity calculations of proposed biosensors corresponding to different defect
layer thicknesses.

Defect Layer Thickness (nm) Sensitivity (nm/RIU)

dd = 1000 141.6
dd = 2200 248.1
dd = 3000 303
dd = 5000 327.7

The data presented in Table 2 have been visualized by plotting Figure 9, which
shows the dependence of sensitivity on the thickness of the defect layer region. Figure 9
shows that, as the thickness of the defect layer increases from 1000 nm to 3000 nm, the
sensitivity increases linearly and reaches to 303 nm/RIU. Further increase in the thickness
of thedefect layer results in a relatively small change in the sensitivity, as shown in Figure 9.
The maximum sensitivity of 327.7 nm/RIU is reached, corresponding to a defect layer
thickness of 5000 nm. Thus, a defect layer thickness of 5000 nm can be considered as an
optimum value of thickness under which our design becomes highly sensitive. Additionally,
corresponding to the optimum value of defect layer thickness, our design is capable of
detecting very minute changes in the refractive index of RBC samples containing Cell B to
Cell E with respect to Cell A.
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Figure 7. Transmission spectra showing five defect modes in solid blue, black, brown, yellow and
purple line colors corresponding to RBC sample containing A, B, C, D and E blood cells separately,
one at a time. The thickness of cavity layer is dd = 3000 nm under normal incidence.

4.4. Evaluation of the Performance of Proposed Biosensors Corresponding to Optimum Cavity
Thickness under Normal Incidence

Apart from sensitivity, we have also examined to figure of merit (FoM) and quality
factor (QF) values of proposed malaria sensors in true sense. These two parameters
are also important while evaluating the working efficiency of any photonic biosensor.
Mathematically, we can define FoM and QF with the help of following expressions as [6–11]

QF =
λpeak

λFWHM
(6)

FoM =
S

λFWHM
(7)

To conclude our work, we have evaluated the S, FoM and QF of the proposed design
under optimum cavity thickness of 5000 nm. The numeric values of S, FoM and QF of the
proposed design, loaded with RBC samples containing Cell B, Cell C, Cell D and Cell E
with respect to Cell A, are listed in Table 3 below.
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Figure 8. Transmission spectra showing five defect modes in solid blue, black, brown, yellow and
purple line colors corresponding to RBC sample containing A, B, C, D and E blood cells separately,
one at a time. The thickness of cavity layer is dd = 5000 nm under normal incidence.

Table 3. Performance evaluation table showing the numeric values of sensitivity, full width half
maximum, figure of merit and quality factor of the proposed biosensor, corresponding to different
RBC components under optimum condition.

Blood
Component

Refractive
Index λPeak (nm) S (nm/RIU) λFWHM (nm) FoM QF

Cell A 1.408 671.4 — 0.11 — 6103.63
Cell B 1.396 667.8 300 0.036 8333.3 18550
Cell C 1.381 662.7 322.2 0.0135 23,866.7 49,088.8
Cell D 1.372 659.6 327.7 0.01 32,770 65960
Cell E 1.371 659.2 310.5 0.0095 32,684.2 69,389.47
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It can easily be observed from the data in Table 3 that the sensitivity of the proposed
biosensor varies between a maximum of 327.7 nm/RIU to a minimum of 300 nm/RIU
when the cavity is infiltrated with RBC samples containing cell D and cell B, respectively.
On the other hand, FoM and QF values vary between 2.3× 104 to 8.33× 103 and 6.93 × 104

to 1.85 × 104, respectively, depending upon the nature of malaria samples with respect to
the water sample. Under the light of the above facts, we have come to the conclusion that
our proposed design can be efficiently used for the detection of malaria infection from the
preliminary stage (ring stage) to advanced stage (schizont stage).
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Finally, we have given our efforts to compare the findings of a proposed blood sen-
sor for malaria detection with the similar kind of work based on various blood sensing
applications. This comparison has been presented in Table 4, which highlights the blood
sensing applications of various biosensors based on the principle of the refractive index
sensing mechanism. This comparison shows that the proposed biosensor is suitable for
sensing and detecting malaria infection from preliminary to advanced stages effectively. The
dependence of our design on photonic biosensing technology makes it suitable for obtaining
rapid, accurate and timely reports to ensure proper diagnosis, treatment and cure.
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Table 4. Comparison of sensitivity, figure of merit and quality factor values of proposed 1D photonic
blood sensor for malaria sensing and detection with similar kinds of work of other researchers at
normal incidence (NR = Not reported).

Year Structure Details Type of
Analyte S FoM QF Reference

2019 1D PC with graphene
coated cavity walls Blood plasma 51.49

nm/RIU NR NR [55]

2019 2D PC waveguide
structure

10 different
blood

components
473.38 7324.2 NR [56]

2019 D shaped PC fiber Blood glucose 0.83 NR NR [57]

2020 1D PC without coated
cavity walls

Blood
hemoglobin 141 0.48 NR [58]

This work 1D PC without coated
cavity walls

Red blood
cells 327.7 32770 69,389.47 —

5. Conclusions

In the present piece of theoretical research work, we have explored the sensing and
detection capabilities of 1D PC with defect for investigating malaria infection from pre-
liminary to advanced stage by examining the different samples containing red blood cells
A, B, C, D and E. We have used a transfer matrix formulation under normal incidence
condition and MATLAB simulation software to obtain the results pertaining to the work.
This study has been carried out on the five structures of different cavity layer thicknesses
set as 1000 nm, 2200 nm, 3000 nm and 5000 nm to identify the structure having optimum
biosensing performance. Our study shows that the biosensing performance of design
maximizes corresponding to cavity thickness 5000 nm. The maximum sensitivity value
obtained from this structure is 327.7 nm/RIU when the cavity is infiltrated with the RBC
sample containing Cell D, which corresponds with the Schizont stage of malaria infection.
Thus, our design can be very useful for identifying the person affected with different stages
of malaria infection due to accuracy in the results. Additionally, the proposed work is based
on minute sensing of the refractive index of different RBC samples of variation 1.408 to
1.371 corresponding to hemoglobin concentration 30.9g/dL to 15.9 g/dL, respectively. The
maximum values of figure of merit and quality factor of proposed biosensing design are
32,770 RIU and 69,389.7, respectively, which is high as expected.
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Abstract: Antibiotics are a novel class of contaminants that represent a substantial risk to human 
health, making their detection an important task. In this study, ZnO nanostructures were prepared 
starting from Bombyx mori silk fibroin and Zn(NO3)2, using thermal treatment. The resulting ZnO 
structures were characterized using SEM, FT-IR, and XRD. They had a fibrous morphology with a 
wurtzite crystalline structure, with nanometric dimensions. FT-IR and XRD confirmed silk fibroin’s 
disappearance after thermal treatment. To prepare modified electrodes for amoxicillin (AMX) anti-
biotic detection, ZnO nanostructures were mixed with Nafion polymer and drop-casted on an elec-
trode’s surface. Parameters such as drying time and concentration appeared to be important for 
electrochemical detection. Differential pulse voltammetry (DPV) was sensitive for AMX detection. 
The measurements revealed that the novel electrode based on ZnO nanostructures embedded in 
Nafion polymer has potential to be used for AMX electrochemical detection. 

Keywords: nanostructures; silk fibroin; electrochemical sensor 
 

1. Introduction 
One of the most frequently prescribed antibiotics for infectious diseases that can af-

fect humans (such as Anthrax, Lyme disease, pneumonia, gastroenteritis, otitis, vaginal 
infections, urinary infections, and oral infections) is amoxicillin (AMX) [1,2]. AMX, 6-(p-
hydroxy-α-amino phenyl acetoamido) penicillanic acid [3], is also a common antibiotic 
used in animal husbandry, and because of this, its residues may be found in animal prod-
ucts, other agricultural products, and the agricultural environment [4]. Such contaminants 
in processed beef pose a serious threat to human health and can harm kidney and liver 
functions [4]. Beta-lactam antibiotics such as AMX have a stable chemical structure, high 
levels of toxicity, and slow rates of biodegradation [2]. They can therefore readily be dis-
charged into the environment through wastewater from food and livestock production, 
human excretion, hospital wastewater discharge, and poor wastewater treatment [5]. 
Considering these, the monitoring of antibiotics such as AMX is very important. 

Multiple analytical methods have been used to detect AMX, primarily surface plas-
mon resonance, chromatography, capillary electrophoresis, liquid chromatography cou-
pled to tandem mass spectrometry (LC–MS-MS), spectrofluorometric and microbiological 
methods, enzymatic quantification, fluorescence, and spectrophotometry [2,3,6]. There is 
a need for simpler, less expensive, quicker, more sensitive, and more selective amoxicillin 
determination methods, because most current methods need time-consuming and expen-
sive sample pre-treatment procedures [2]. Due to their benefits, including low cost, easy 
operation, quick measurement, and strong sensitivity and selectivity, electrochemical 
techniques have been used extensively in the study of antibiotics in recent decades. Elec-
trochemical methods can also be used to quickly test for pollution on-site [5]. 
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Abstract: Antibiotics are a novel class of contaminants that represent a substantial risk to human
health, making their detection an important task. In this study, ZnO nanostructures were prepared
starting from Bombyx mori silk fibroin and Zn(NO3)2, using thermal treatment. The resulting
ZnO structures were characterized using SEM, FT-IR, and XRD. They had a fibrous morphology
with a wurtzite crystalline structure, with nanometric dimensions. FT-IR and XRD confirmed silk
fibroin’s disappearance after thermal treatment. To prepare modified electrodes for amoxicillin (AMX)
antibiotic detection, ZnO nanostructures were mixed with Nafion polymer and drop-casted on an
electrode’s surface. Parameters such as drying time and concentration appeared to be important for
electrochemical detection. Differential pulse voltammetry (DPV) was sensitive for AMX detection.
The measurements revealed that the novel electrode based on ZnO nanostructures embedded in
Nafion polymer has potential to be used for AMX electrochemical detection.

Keywords: nanostructures; silk fibroin; electrochemical sensor

1. Introduction

One of the most frequently prescribed antibiotics for infectious diseases that can af-
fect humans (such as Anthrax, Lyme disease, pneumonia, gastroenteritis, otitis, vaginal
infections, urinary infections, and oral infections) is amoxicillin (AMX) [1,2]. AMX, 6-(p-
hydroxy-α-amino phenyl acetoamido) penicillanic acid [3], is also a common antibiotic used
in animal husbandry, and because of this, its residues may be found in animal products,
other agricultural products, and the agricultural environment [4]. Such contaminants in
processed beef pose a serious threat to human health and can harm kidney and liver func-
tions [4]. Beta-lactam antibiotics such as AMX have a stable chemical structure, high levels
of toxicity, and slow rates of biodegradation [2]. They can therefore readily be discharged
into the environment through wastewater from food and livestock production, human
excretion, hospital wastewater discharge, and poor wastewater treatment [5]. Considering
these, the monitoring of antibiotics such as AMX is very important.

Multiple analytical methods have been used to detect AMX, primarily surface plasmon
resonance, chromatography, capillary electrophoresis, liquid chromatography coupled to
tandem mass spectrometry (LC–MS-MS), spectrofluorometric and microbiological methods,
enzymatic quantification, fluorescence, and spectrophotometry [2,3,6]. There is a need for
simpler, less expensive, quicker, more sensitive, and more selective amoxicillin determina-
tion methods, because most current methods need time-consuming and expensive sample
pre-treatment procedures [2]. Due to their benefits, including low cost, easy operation,
quick measurement, and strong sensitivity and selectivity, electrochemical techniques have
been used extensively in the study of antibiotics in recent decades. Electrochemical methods
can also be used to quickly test for pollution on-site [5].

In the electrochemical approach, the reduction–oxidation reactions of analytes appear
on the surface of the working electrode, which is a very important part of the analyti-
cal measurement. Therefore, in an effort to improve the analyte signal, scientists have
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attempted to modify the electrode surface using cutting-edge techniques [5]. Most in-
vestigations on the electrochemical detection of amoxicillin in the literature are based on
metallic nanoparticles combined with CNTs and graphene to produce various geometries
and stacking arrangements [6].

According to the literature [7], the chemical stability of the oxides and surface OH
bonds enables the covalent grafting of probe molecules in sensor applications. An example
of an oxide used for AMX detection is TiO2 [7]. Another oxide, ZnO, has generated a great
deal of interest because of its admirable qualities, including inexpensive cost, great abun-
dance, excellent catalytic activity against biological and chemical species, and antifouling
characteristics [8–10]. ZnO nanoparticles also offer unique physical characteristics, includ-
ing high electron mobility, a tunable band position, high chemical and thermal stability,
and non-toxicity [11]. ZnO is a metal oxide semiconductor with a straight and wide band
gap. Its hexagonal wurtzite crystal structure makes a variety of micro- and nanostructured
materials easy to produce, including tubes, combs, and rods [8].

Various techniques can be used to create zinc oxide nanoparticles, one of them being
microfluidic reactor-based synthesis [12–14]. Chemical processes including hydrothermal,
sol–gel, and microemulsion, as well as physical methods such as ball milling, physical vapor
deposition, and laser ablation, were also used for the synthesis of ZnO nanoparticles [15].
Biological (green) synthesis techniques are also included among the conventional methods.
Various efforts have been made to create ZnO NPs from various green sources, including
bacteria, fungi, algae, plants, and others [16].

Recently, ZnO nanostructures have been prepared starting from silk fibroin from
silkworm Bombyx Mori cocoons [17]. Fibroin is a highly adaptable biopolymer that has
enabled the development of a diverse range of materials whose properties and architectures
may be tailored to meet specific application requirements [18]. Additionally, the B. mori
silkworm is practical for industrial-scale breeding, making it simple to obtain silkworms
and their silk, and exhibits strong biocompatibility and biodegradability [19]. It contains in
situ active sites for the anchoring of a zinc nitrate—ZnO—precursor [17]. The mechanical
stability, flexible biomimetic form, and biocompatibility of silk fibroin fibers were carried
over into the as-prepared nanostructures [17].

This paper proposes a new electrochemical device based on ZnO nanostructures de-
rived from a natural compound named silk fibroin. These nanostructures were incorporated
into a Nafion polymer matrix. Some characteristics, such as drying time and concentration,
were discovered to be crucial in the modification of a glassy carbon (GC) electrode. This
type of modified electrode was proven to be useful for AMX electrochemical detection.

2. Materials and Methods
2.1. Preparation of ZnO

First, Bombix Mori cocoons from a local farmer were used; the larvae were extracted
from the cocoons, and they were cut into small pieces. In a 2 L Berzelius beaker, ultrapure
water (obtained with a Millipore Direct-Q UV3 water filtration system) was brought to
a boil (100 °C) on a thermostatic hot plate (Stuart, model UC152) and sodium carbonate
(anhydrous Na2CO3, 99.9%, Sigma Aldrich, Poznań, Poland) was added to 0.02 M. Boiling
time was 30 min. In the last stage, the fibroin was rinsed with ultrapure water under
magnetic stirring. The operation was repeated 2–3 times to remove the sodium carbonate
and sericin dissolved in this solution. The silk fibroin (SF) that was produced in this way
was left to dry at room temperature for 24 h.

Dried silk fibroin was then mixed with a solution of 1.462 g of Zn(NO3)2·6H2O (99%
metal basis, Alpha Aesar, Kandel, Germany) in 40 mL of a 1:1 distilled water : ethanol
mixture at room temperature for 12 h. The Zn(NO3)2-soaked fibroin was subjected to
thermal treatment for 1 h at 200 ◦C, followed by 6 h at 600 ◦C, in a muffle furnace (LEF-1035,
Daihan Labtech, Namyangju-city, Korea). This step led to the burning of fibroin and the
crystallization of ZnO.
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2.2. Preparation of Modified Glassy Carbon Electrodes

Glassy carbon (GC) electrodes (3 mm, Metrohm, Bucharest, Romania) were mirror-
polished on polishing cloth (PRESI) with 1 µm diamond paste and 0.3 µm alumina slurry,
followed by ultrasonic treatment in ultrapure water for 10 min.

Next, 25 µL Nafion solution (20 % in lower aliphatic alcohol and water from Sigma
Aldrich, St Louis, Missouri, USA) was diluted to 1 mL with 0.1 M phosphate buffer solution
(PBS) with pH 7. PBS was prepared from 0.2 M stock aqueous solutions of K2HPO4 and
KH2PO4. The purity of both was 98% and they were acquired from Sigma Aldrich. After
cleaning the GC electrode, 3 µL of this solution was dripped onto the surface and it was
left to dry. This electrode will be known as GC/Nafion.

In the meantime, 10 mg of ZnO nanostructure was added to a diluted Nafion solution
in PBS, and the resulting mixture was ultrasonicated for 1 h. Then, 6 µL or 9 µL (in 3 µL
portions) of the ZnO nanoparticles and Nafion solution was drop-casted onto the surface
of the cleaned GC electrode with a micropipette. The electrode prepared with 6 µL and a
drying time of 1 h was named GC/Nafion/ZnO 6 (1 h), the one prepared with 6 µL and a
drying time of 24 h was named GC/Nafion/ZnO 6, and the last one prepared with 9 µL
and a drying time of 24 h was named GC/Nafion/ZnO 9.

2.3. ZnO Structures and Modified Electrode Characterization

The modified electrode and the resulting ZnO structures were characterized using a
Thermo Fisher Scientific Quanta 650 FEG Scanning Electron Microscope (SEM, Hillsbor-
ough, CA, USA), which features ESEM technology and high-resolution scanning, equipped
with a Bruker energy-dispersive X-ray system (EDX) for chemical analysis.

A Perkin Elmer Spectrum 100 ATR FT-IR (Perkin Elmer, Waltham, MA, USA) was
used to record the Fourier transform infrared spectrum (FTIR). Four sequential scans were
used to record between 4000 and 600 cm−1. The corresponding program was used to
process spectra acquired at a resolution of 4 cm−1, performing background correction
and smoothing.

The crystalline phases and their structures were identified using a Shimadzu X-ray
diffraction (XRD) 6000 diffractometer with Ni-filtered Cu K radiation (λ = 0.154 nm), 2θ,
varying between 10◦ and 70◦.

2.4. Amoxicillin Detection

Two electrochemical methods were used for amoxicillin detection: cyclic voltammetry
(CV) and DPV. Experiments were carried out in a single-compartment electrochemical cell,
in a solution of PBS Ph = 7. Three electrodes were connected to a potentiostat/galvanostat
(Autolab 302 N, Metrohm, Barendrecht, Nederland): a GC working electrode, an AG/AgCl
3 M KCl reference electrode (Metrohm, Bucharest, Romania), and a Pt rod (Metrohm,
Bucharest, Romania). For CV measurements, the scan rate was 25 mV/s between 0.3 and
1.3 V with 0.02 V steps. DPV was recorded between 0.7 and 1.2 V with a 50 mV modulation
amplitude and 20 mV/s scan rate. In addition, 0.1 M PBS pH 7 prepared from 0.2 M stock
aqueous solutions of K2HPO4 and KH2PO4 (Sigma Aldrich, St Louis, Missouri, USA) with
or without amoxicillin was employed as the electrolyte.

3. Results
3.1. Modified Electrode Characterization

Prepared ZnO structures and modified GC electrodes were subjected to SEM analysis
and the obtained images are presented in Figure 1. In Figure 1a,b, it can be observed that
the ZnO structures had a fibrous morphology with diameters between 1 and 2 µm.
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Figure 1. SEM images of obtained ZnO nanostructures (a,b) and modified GC/Nafion ZnO 6
electrode (c,d). EDS mapping of Zn from GC/Nafion ZnO 6 electrode (e).

ZnO structures were subjected to 1 h ultrasonic treatment before depositing on
GC. In Figure 1c,d, there are corresponding top-view SEM images of the GC/Nafion
ZnO 6 electrode. It is visible that ZnO was embedded in the Nafion matrix as nanoparticles
with uniform distribution.

According to the elemental EDS mapping (Figure 1e), the polymer matrix contributed
to the homogeneous dispersion of the ZnO nanoparticles without agglomeration. The
uniform Zn distribution appeared on the entire surface of the electrode, as can be seen in
Figure 1e, in a percentage of 15%, which helped to ensure sensor reproducibility. The Nafion
matrix, with its antifouling qualities, was successfully used for nanoparticle dispersion,
which led to a greater specific surface area at the electrode surface. Moreover, 51% oxygen
was found, a part of the percentage being a component of Nafion and the other part
associated with ZnO.

Figure 2a shows the FT-IR spectra recorded for zinc oxide structures deposited on
fibroin templates compared to the spectrum recorded for silk fibroin. Thus, in the spec-
trum of fibroin, the peaks specific to the β-sheet structure can be observed: 1511 cm−1

and 1621 cm−1. In the spectra of the zinc oxide nanostructures, the absorption peak at
3500 cm−1, characteristic of the stretching vibration of the -OH group, can be observed.
The absorption peaks at 2300 cm−1 and 2400 cm−1 are attributed to the CO2 group, and the
absorption peak at 1416 cm−1 is attributed to the C-C stretching vibration. The absorption
band formed at 995 cm−1 is attributed to ZnO. These bands are consistent with data found
in the literature [11,20].

In Figure 2b, the spectra obtained for zinc oxide structures obtained on the fibroin
template and for the glassy carbon-modified electrode GC/Nafion/ZnO 6 are presented.
In the GC/Nafion/ZnO 6 spectrum, we can observe -OH stretching vibration at 3336 cm−1

corresponding to adsorbed water. The peak recorded at 1005 cm−1 is due to S-O symmetric
stretching, the band obtained at 1148 cm−1 is due to symmetric stretching of C-F, and the
band obtained at 1215 cm−1 is due to the asymmetric C-F stretching. The peak obtained
at 1005 cm−1 is attributed to the S-O group [21]. The peak at 988 cm−1 corresponding to
ZnO [11] is covered by the much larger peak specific to Nafion. The band obtained at
637 cm−1 is attributed to the stretching of the C-S group from the Nafion structure [21].
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Figure 2. FT-IR spectra: (a) comparison between SF and ZnO structures on SF template and (b) com-
parison between ZnO nanostructures and GC/Nafion/ZnO 6.

The quality of the crystals and the orientation of the synthesized ZnO nanoparticles
were studied using X-ray diffraction (XRD), and the patterns are represented in Figure 3.
The sharp and narrow peaks demonstrate the sample’s high crystallinity. By comparison
with the data from JCPDS card No. 89-7102, all the XRD peaks are very well correlated
with the hexagonal phase (wurtzite structure), with no evidence of a secondary phase.
The first three peaks, defined in Table 1, were utilized to calculate particle sizes using the
Scherrer equation:

D =
kλ

β cos θ
(1)

where D is the crystallite size, k = 0.9 (Scherrer constant); λ is the light wavelength utilized
for diffraction, which is equal to 1.54 Å; β is the full width at half maximum (FWHM) of
the diffraction peak, and θ is the reflection angle (Bragg’s angle).

The peaks of the ZnO nanostructures match the hexagonal wurtzite structure of
zinc oxide. The Miller indices of the ZnO hexagonal phase’s typical peaks, presented in
Figure 3, are (100), (002), (101), (102), (110), (103), and (112). The average size of crystallites
was 37 nm.

3.2. Selecting Proper Voltametric Method for AMX Detection

The first tested method was cyclic voltammetry. CV curves were obtained in phosphate
buffer solution and phosphate buffer with a high concentration of amoxicillin (100 µM).
They are presented in Figure 4.

The unmodified GC electrode (Figure 4a) and GC/Nafion/ZnO 6 (Figure 4c) gave
a signal in the presence of amoxicillin, while the GC electrode on which only the Nafion
polymer was deposited (Figure 4b) did not show a signal in the presence of amoxicillin.
The current values recorded for GC/Nafion are much lower compared to those recorded
for GC.

Further, differential pulse voltammetry was used. The DPV curves corresponding
to the GC and GC/Nafion/ZnO 6 (1 h) in phosphate buffer solution and phosphate
buffer with amoxicillin 100 µM are shown in Figure 5. It is observed that a signal can be
obtained in the presence of amoxicillin with the unmodified electrode. With the help of the
modified electrode, a much better signal is obtained, the peak current being of the order of
8.2 × 10−8 A, compared to 4.4 × 10−8 A in the case of GC.

140



Crystals 2022, 12, 1511Crystals 2022, 12, 1511 6 of 14 
 

 

 

Figure 3. The X-ray diffraction (XRD) pattern of ZnO nanotructures prepared on silk fibroin 

template. 

Table 1. The first three peaks obtained from XRD spectrum. 

No. 2-theta [θ] d [Å] 
FWHM 

[θ] 

Crystallite Size 

[nm] 
Phase Name 

1 31.4815 2.83945 0.1528 54 ZnO (100) 

2 34.5518 2.59384 0.2720 30 ZnO (002) 

3 36.3804 2.46755 0.2991 27 ZnO (101) 

The peaks of the ZnO nanostructures match the hexagonal wurtzite structure of zinc 

oxide. The Miller indices of the ZnO hexagonal phase’s typical peaks, presented in Figure 

3, are (100), (002), (101), (102), (110), (103), and (112). The average size of crystallites was 

37 nm. 

3.2. Selecting Proper Voltametric Method for AMX Detection 

The first tested method was cyclic voltammetry. CV curves were obtained in phos-

phate buffer solution and phosphate buffer with a high concentration of amoxicillin (100 

µM). They are presented in Figure 4. 

The unmodified GC electrode (Figure 4a) and GC/Nafion/ZnO 6 (Figure 4c) gave a 

signal in the presence of amoxicillin, while the GC electrode on which only the Nafion 

polymer was deposited (Figure 4b) did not show a signal in the presence of amoxicillin. 

The current values recorded for GC/Nafion are much lower compared to those recorded 

for GC. 

Figure 3. The X-ray diffraction (XRD) pattern of ZnO nanotructures prepared on silk fibroin template.

Table 1. The first three peaks obtained from XRD spectrum.

No. 2-Theta [θ] d [Å] FWHM [θ] Crystallite Size [nm] Phase Name

1 31.4815 2.83945 0.1528 54 ZnO (100)
2 34.5518 2.59384 0.2720 30 ZnO (002)
3 36.3804 2.46755 0.2991 27 ZnO (101)

The drying time was increased from 1 h to 24 h and the obtained DPV curves are
presented in Figure 6b. Consecutive scans were again performed in 100 µM AMX solution.
It is observed that the signal, with the peak at 0.9 V, suffers a slight drop but is more stable.

3.3. Improving the Electrode Signal for AMX Detection

In order to improve the signal, an electrode with a higher concentration of Nafion + ZnO,
namely GC/Nafion/ZnO 9, was prepared. The signal obtained in DPV with GC/Nafion/ZnO 6
was compared to the one obtained with GC/Nafion/ZnO 9, with the results being presented in
Figure 7. The drying time was 24 h for both electrodes. The obtained peak height was greatly
improved, from 6.8 × 10−8 A to 1.46× 10−7 A.

To check the electrode stability, a series of three consecutive scans were performed
in the 100 µM AMX solution in PBS with the GC/Nafion/ZnO 6 electrode (1 h). It was
observed (Figure 6a) that the signal gradually decreased, with a very large difference
between scans 1 and 3.
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Figure 4. Cyclic voltammetry curves recorded in PBS and PBS + AMX 100 µM corresponding to (a) GC
electrode, (b) GC/Nafion electrode, (c) GC/Nafion/ZnO 6, (d) GC/Nafion, and GC/Nafion/ZnO 6
compared with an uncoated GC electrode.

The stability of the signal was also checked for this electrode. It is observed from
Figure 8a that the signal is stable for three successive scans (scan 1–3). The electrode was
tested again after one week (Figure 8a, scans 4–6) and the signal decreased by 8%. It was
also checked whether this last method of electrode modification could be reproduced. Thus,
two similar GC/Nafion_ZnO 9 electrodes were prepared. Scans were made in freshly
prepared 80 µM amoxicillin solution, with the results being presented in Figure 8b. It is
observed that the obtained signal is similar.

3.4. Calibration Curve

To obtain the calibration curve, AMX solutions in PBS with concentrations between
5 and 110 µM were prepared. An increase in the peak height corresponding to the increase
in the concentration of amoxicillin is observed in Figure 9b. The AMX redox reaction
(Figure 9a) on the GC/Nafion/ZnO 9 electrode leads to a calibration curve with good
linearity, r2 being 0.998, as can be observed in the Figure 9b inset.
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4. Discussion
4.1. ZnO Structures and Electrode Modification

To create ZnO nanostructures, the template method was used in different studies [22].
In this method, nanostructures are grown through the pores or channels of a template
using a nucleation and growth process, using a template with a preset size and shape.
Hard and soft templates are examples of the two different types of templates used for ZnO
synthesis. A soft template is made up of flexible polymers and biomolecular and single
molecular-based templates, whereas a hard template often consists of CNT and porous
alumina [22]. In this study, flexible biopolymer silk fibroin was used. The ZnO-prepared
structures have a fibrous morphology (Figure 1) and larger specific surface area, as can be
seen from the SEM images. ZnO structures prepared in a similar manner were reported
to have a wurtzite crystallite structure [17]. The wurtzite’s tetrahedral atom coordination
leads to a non-centrosymmetric crystal structure with polar Zn2+ and O2 surfaces, which
gives rise to piezoelectric qualities that make it possible to use these nanostructures in
mechanical actuators and sensing technology [23].

In the scientific literature, two types of conformations specific to silk fibroin are specified:
β-sheets—with a crystalline, organized, hydrophobic domain—and a random coil/α-helix
domain specific to amides I, II, and III. For the random coil/α-helix conformation, the corre-
sponding peaks are found in the ranges of 1638–1660 cm−1, 1536–1545 cm−1, and 1235 cm−1

for amides I, II, and III, respectively. In the case of the crystal conformation, the β-sheet,
the corresponding peaks are found in the ranges of 1616–1637 cm−1, 1513–1525 cm−1, and
1265 cm−1 for amides I, II, and III, respectively [20]. From the obtained spectra shown in
Figure 2a, our prepared silk fibroin has a β-sheet configuration.

For ZnO structures, the silk fibroin template was removed after thermal treatment at
600 ◦C and the Zn(NO3)2 was decomposed into ZnO. As can be seen from Figure 2a, in
the FT-IR spectra, peaks specific to fibroin are not present in the spectra corresponding to
ZnO structures.

These ZnO structures were successfully embedded in the Nafion polymer matrix, as
can be seen from Figure 2b. Nafion is a well-known ionic polymer with benefits of good
ionic conductivity, cation selectivity, chemical inertness, and thermal stability. It is made
up of sulfonate groups and a stable hydrophobic polytetrafluoroethylene backbone. It
adheres well to the majority of electrode surfaces and can prevent them from fouling or
degrading [24]. Nafion polymer was selected because it helps in enhancing the stability
of the sensor; water can pass through Nafion quite easily, and it can withstand chemical
attacks [25,26]. It helps in increasing ion exchange during the oxidation reduction process
with its ion-exchanging abilities.

145



Crystals 2022, 12, 1511

From the XRD pattern (Figure 3), the strongest line in the ZnO sample under examina-
tion falls along the (1 0 1) plane. Additionally, the diffraction peaks are narrow and intense,
this being a sign of a well-formed crystalline structure, in the nanoscale range, confirmed
by Scherrer equation calculations. Pure ZnO nanoparticles having a hexagonal wurtzite
phase were created, because no diffraction peaks matching other ZnO phases or organic
compounds were found. This could be proof of the successful burning of silk fibroin by
thermal treatment.

4.2. Amoxicillin Electrochemical Detection

For the sensitive detection of organic compounds, including medicines and related
substances, in pharmaceutical samples and biological fluids, electrochemical techniques
have proven to be excellent methods [27]. Among all electrochemical techniques utilized for
AMX detection, there are several voltametric approaches, such as linear voltammetry, CV,
square wave voltammetry (SWV), and DPV [28]. For example, CV was used to demonstrate
the catalytic oxidation of AMX using a chemically modified nickel-based (Ni(II)-curcumin)
modified carbon paste electrode by Reza Ojani and coworkers [27]. According to their
experimental findings, the amoxicillin catalytic oxidation current at this electrode can be
utilized to assess the amount of AMX in aqueous solution, allowing for the achievement of
a detection limit and linear dynamic range that are suitable [27].

Adding Nafion to the GC surface leads to a current decrease, and ZnO nanostructures’
incorporation into Nafion leads to a slight improvement, but this is not sufficient. In
our case, for the GC/Nafion/ZnO 6 complex electrode, the highest signal is found in the
presence of AMX 100 µM, as can be seen in Figure 4. With our proposed modified electrode
based on Nafion/ZnO, it can be concluded that CV is not sensitive enough to be used as an
electrochemical method for the detection of amoxicillin.

Another tested method was DPV. In the first experiment, presented in Figure 5, we
used GC/Nafion/ZnO 6 (1 h) to decrease the electrode preparation time. It seems that DPV
is suitable for AMX detection with the proposed modified electrode, leading to an almost
two-fold improvement in the signal.

When consecutive scans were performed with GC/Nafion/ZnO 6 (1 h), the signal
was not stable (Figure 6a); one possible explanation could be that the Nafion film was not
sufficiently dried. It is possible that 1 h is not sufficient time for the PBS solvent used for
Nafion solution preparation to be evaporated, leading to ZnO nanostructures’ detachment
from the electrode surface between scans.

When the drying time of the electrode is increased to 24 h (Figure 6b), the signal is more
stable, so, in all further experiments, we used a 24 h drying time for electrode preparation.

According to the results presented in Figure 7, another important parameter for this
modified electrode is the concentration. Upon increasing the concentration from 6 µL of
solution to 9 µL, the peak height was doubled.

The GC/Nafion/ZnO 9 electrode’s stability during three consecutive scans is pre-
sented in Figure 8. The electrode prepared by this method gives a stable signal in the
presence of AMX. After one week, a slight decrease in peak height is observed, but there is
not a large difference during three consecutive scans. Reproducibility was tested (Figure 8)
and it could be concluded that the modification method can be reproduced.

With the proposed modified electrode, a calibration curve can be obtained (Figure 9).
With the Excel program, the LOD and LOQ were calculated—respectively, the limit of de-
tection and the limit of quantification—according to the linear regression method described
in the literature [29]. The LOD was 0.02 µM and LOQ 0.05 µM.

Comparing the created sensor’s sensitivity to some of the existing reported voltametric
sensors, as presented in Table 2, GC/Nafion/ZnO was more sensitive. The linear response
range is comparable to other electrochemical sensors’ linear ranges. Another benefit of
the created sensor is the ease of its fabrication and the use of nanocomposite ZnO based
on fibroin, which does not affect the environment, which is significant considering the
principles of green chemistry.
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Table 2. Analytical characteristics evaluated for amoxicillin electrochemical sensors.

WE 1 Transduction
Method

Linear Range
(µM)

LOD
(µM) Reference

Treated GPE 2 SWV 1–80 0.2 µM [28]
TiO2/CMK/AuNPs/

Nafion/GCE 3 CV 0.5–2.5
2.5–133.0 0.3 [30]

ZnO NRs/gold/glass electrode 4 CV 5.0–2.5 1.9 [31]
MWCNT/GCE 5 CV 0.6–8 0.2 [32]

Poly-4-vinylpyridine/CPE 6 CV - 8 [33]
[VO(Salen)]/CPE 7 DPV 18.3–35.5 16.6 [34]
FeCr2O4/MWCNTs

/GCE 8 DPV 0.1–10.0
10.0–70.0 0.05 [35]

CILE 9 CV 5.0–400 0.8 [36]
ZnO/Nafion/GC DPV 5–110 0.02 This work

1 Working electrode. 2 Graphite pencil mechanically polished. 3 Titanium dioxide/mesoporous carbon CMK-
3-type/gold nanoparticles/Nafion on glassy carbon electrode. 4 Zinc oxide nanorod/gold/glass electrode.
5 Multiwalled carbon nanotube modified glassy carbon electrode. 6 Carbon paste electrode modified with poly-
4-vinylpyridine. 7 Carbon paste electrode modified with [N,N-ethylenebis(salicylideneaminato)]oxovanadium.
8 Nanoparticle-decorated multiwall carbon nanotubes on glassy carbon electrode. 9 Carbon ionic liquid electrode.

5. Conclusions

A new electrochemical sensor based on ZnO nanostructures grown in a natural silk
fibroin matrix was obtained. The ZnO nanostructures, with high porosity and a fibrillar
shape, were deposited on the glassy carbon electrode surface by incorporation into a Nafion
polymer matrix.

Glassy carbon surface modification was highlighted by scanning electron microscopy,
energy-dispersive X-ray spectroscopy, X-ray diffraction, and Fourier-transform infrared
spectroscopy analysis. The ZnO structures prepared on the silk fibroin template had a
fibrous morphology and their diameters ranged from 1 to 2 µm. X-ray diffraction revealed a
hexagonal wurtzite phase. The size of crystallites was around 37 nm. X-ray diffraction and
Fourier-transform infrared spectroscopy showed that silk fibroin was successfully burned
by thermal treatment. ZnO was then distributed uniformly as nanoparticles within the
Nafion matrix on the glassy carbon electrode’s surface.

The new GC/Nafion/ZnO electrode, with good stability, was successfully used for
AMX electrochemical detection, with an LOD of 0.02 µM, which was better than or compa-
rable to values reported in other papers. The built-in standard calibration has a high degree
of correlation.

Measurements in solutions containing different antibiotics will be performed to test
the AMX selectivity.
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Abstract: Pure and Molybdenum (Mo)-doped zinc oxide (ZnO) nanoparticles were prepared by a
cost-effective combustion synthesis route. XRD results revealed the decrement in crystallite size of
ZnO with an increase in Mo-doping concentration. Optical bandgap (Eg) values were determined
using optical reflectance spectra of these films measured in the range of 190–800 nm. The Eg values
decreased with increasing the Mo-doping concentration. The dielectric properties of these samples
were studied to determine the dielectric constant values. Raman spectra of these samples were
recorded to know the structure. These sample absorption spectra were recorded for electrocatalytic
applications. All the prepared samples were subjected to electrocatalytic degradation of Rhodamine B.
The 0.01 wt% Mo doped ZnO showed 100% in 7 min electrocatalytic degradation.

Keywords: Mo-doped ZnO; nanostructured metal oxides; XRD/SEM; optical properties; electrocatalysis

1. Introduction

It is a known fact that all the world’s human beings strongly depend on natural re-
sources, for example, soil, water, air, etc. Unfortunately, in recent years, contamination of
these resources has been very high from textile, leather, chemical laboratories, and paper
industries, which were the primary sources of water pollution. They release unprocessed
wastewater directly into the water bodies [1–4]. Using this unsafe water, many health prob-
lems will occur to human beings [1,5]. Currently, wastewater treatment and recycling are
getting significant attention. Therefore, great attention has to be paid to investigating cost-
effective and eco-friendly techniques for water purification. Photocatalysis is a technique
used for water purification that is simple and cheap. The importance of photocatalysis for
water electrolysis and hydrogen fuel cells has been discussed by many researchers [6].

ZnO is one of the promising II–VI semiconducting materials, which displays a large
optical band gap (3.37 eV) and exciton binding energy (60 meV), high linear refractive index,
and electrical properties. These properties make ZnO suitable for electronics, photonic
devices, UV laser diodes, piezoelectric transducers, light-emitting diodes sensors, solar
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cells, and optoelectronic devices [7–11]. Semiconducting nanostructures with different
morphologies such as nanoparticles, nanowires, nanorods, nanobelts, nanoprisms, nan-
odots, and nanostructured thin films help understand the physical and chemical properties
of nanoscale systems. The behavior of electron, photon, and phonon of nanoscale sys-
tems was studied and reported by the earlier workers [12]. Different methods to fabricate
ZnO nanoparticles include sol-gel, ultrasonic, chemical vapor deposition, microemulsion,
organometallic precursor, solvothermal, microemulsion, and spray pyrolysis electrodeposi-
tion, sonochemical, microwave-assisted, and hydrothermal [13–21].

ZnO acts as a photocatalyst upon the photoirradiation by transferring electrons from
the valence band to the conduction band in the shorter wavelength region [13,22]. Due
to the similarities in the bandgap of ZnO and TiO2, many researchers tried to replace
expensiveTiO2 photocatalyst with ZnO photocatalyst. Since ZnO is a low-cost and non-
toxic material, it has received significant interest. Furthermore, during UV- light irradiation,
ZnO exhibits remarkable electrocatalytic ability for degrading organic pollutants in aque-
ous suspension by generating powerful oxidizing agents such as hydroxyl radicals and
superoxide radical anions, which decompose the organic pollutants [9], but they learned
that ZnO is less active under visible light than TiO2, and several attempts were made to
improve ZnO properties.

The electrocatalytic activity of various ZnO crystal surfaces was investigated. They
discovered that the surface atomic structures of the material had a significant impact on
its photostability and electrocatalytic activity. When the surface is polar and has high
surface energy, photolysis of ZnO occurs quickly [19]. Recently, reports enhanced electro-
catalytic properties by adding dopants such as transition metals to ZnO lattice [13,23,24].
It is also reported that Mg-doped ZnO nanoparticles showed an adequate capacity to
remove contaminating organic molecules, specifically MO (Ceramics International 47 (2021)
15668–15681). Recently, by introducing metal dopants, enhancement in electronic, mag-
netic, and catalytic properties of biphenylene network has been reported [25–28]. In the
Mo-doped ZnO incorporation, Zn-O-M instead of Zn-O-Zn occurs, leading to new energy
levels between the valence and conduction bands by lowering bandgap values. Mo-doped
ZnO can be used as a photocatalyst to degrade bacteria and water purification [13,29].
Mo has an ionic radius similar to Zn2+, which is a good match. As a result, it produces
stable mixed metal oxides with the composition ZnO/MoO3. Recently some workers also
investigated the photocatalysis studies of Mo, Mn, Co, and Cu-doped ZnO thin films using
different dye solutions and concluded that the pH of the dye solution plays a crucial role in
the dye degrading mechanism [30].

In the current work, we demonstrated the synthesis of pure and Mo-doped ZnO
nanoparticles by a cost-effective combustion synthesis method. The main objective of this
study is pure, and Mo-doped ZnO samples were examined for water purification by using
them as photocatalysts.

2. Experimental Details
2.1. Synthesis of Mo-Doped ZnO Nanostructures

The present study synthesized nanostructures of pure and Mo-doped ZnO using
a low-cost combustion technique. As starting material, we prepared a homogeneous
solution by adding 5gm of zinc nitrate (Zn (NO3)2.6H2O) with 5 gm of citric acid in
a crucible. Various concentrations of Ammonium pentamolybdate (0 wt%, 0.001 wt%,
0.01 wt%, 0.1 wt%, 0.5 wt%, and 1 wt%) with 30 mL of distilled water were added to the
homogeneous solution. The solution was continuously stirred at 170 ◦C on a hot plate for
2 h. Finally, these solutions were heated in a furnace at 550 ◦C for 2 h; the final product is
well-grounded using mortar and pestle. In the current study, six different samples were
prepared by varying the concentration of ammonium pentamolybdate as 0 wt% (sample
named ZNCM-1), 0.001 wt% (sample named ZNCM-2), 0.01 wt% (sample named ZNCM-3)
0.1 wt% (sample named as ZNCM-4), 0.5 wt% (sample named as ZNCM-5), and 1 wt%
(sample named as ZNCM-6).
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2.2. Devices and Measurements

The structural properties of the present samples were examined by using a Shimadzu
LabX-XRD-6000 X-ray diffractometer, with CuKa = 1.54 Å radiation in the angle range from
5◦ to 80◦.

The structural morphology of the present samples was investigated by scanning
electron microscopy techniques (SEM-Jeol. JSM-6360 type) operated at 20 kV.

Optical reflectance (190–800 nm) and the absorption spectra (200–1600 nm) were
recorded using a 3600 UV/Vis/NIR spectrophotometer (Shimadzu, Japan).

The present sample’s Raman spectra were recorded using an FT-Raman spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA). In addition, Fourier transforms infrared
(FT-IR) spectra (400 to 4000 cm−1) of the prepared samples were recorded by XDR FT-IR
Spectrometer, THERMO SCIENTIFIC.

The dielectric properties were recorded using Keithley 4200-SCS in the frequency
range of 1 kHz and 10 MHz.

A Rhodamine B dye (50 mg/L) was used as a typical organic pollutant in the ex-
periment of electrocatalytic degradation. The electrocatalytic degradation processes and
electrocatalysis single-cell reactor (EC) reactor were used, with 0.01 gm of catalyst provided
and two graphite electrodes functioning as a working electrode and a counter electrode.
The electrodes were separated by 5 cm under biasing DC voltage of 10 volts.

3. Results and Discussion
3.1. X-ray Diffraction Studies

The X-ray diffraction patterns of pure (ZNCM-1) and Mo-doped (ZNCM-2, ZNCM-3,
ZNCM-4, ZNCM-5, and ZNCM-6) ZnO nanoparticles samples are demonstrated in Figure 1.
The diffraction peaks of the ZNCM-1 sample matched with hexagonal ZnO structure. These
peaks were indexed according to COD Card entry 9004179. We did not find any significant
Mo or Zn residues from the XRD patterns of ZNCM-2 and ZNCM-3 samples. It indicates
that Mo replaces Zn in the hexagonal ZnO lattice. Similar results were obtained for Mo
and Al-doped ZnO and Mo-doped In2O3 films [31–39]. Further, the intensity of all the
ZnO peaks decreased, whereas the intensity of Mo-based Mo5O14 peaks increased with an
increase in dopant concentration observed in the XRD pattern of ZNCM-4, ZNCM-5, and
ZNCM-6 samples. The peaks corresponding to Mo5O14 are indexed according to COD Card
entry 1537518. K. Ravichandran et al. [1] reported similar results. The unit cell parameters
of hexagonal ZnO calculated from the XRD pattern were a = 3.2 ± 0.2 Å and c = 5.2 ± 0.2 Å,
indicating independence of dopant concentration of the samples. Scherer’s formula was
used to calculate crystallite size (D), dislocation density (δ), and dislocation density (δ),
using the following relationships [21,22]:

D = 0.9λ/β cos θ (1)

δ = 1/D2 (2)

ε = β cos θ/4 (3)

Here, θ is the diffraction angle, λ is the X-ray wavelength in the nm unit, and ¦Â is the
full width at half maximum (FWHM). All the calculated structural parameters of the present
samples are depicted in Table 1. The average D value ZnO peaks [34] was 23 ± 2 nm for the
samples ZNCM-1 and ZNCM-2. The D of ZNCM-3, ZNCM-4 and ZNCM-5 are 18 ± 2 nm.
However, ZNCM-6 had a D of 14± 2 nm. The lower D-value for ZNCM-6 can be attributed
to residues in the XRD pattern and lower the intensity of the ZnO peaks. It is clear that
with increasing dopant concentration D-value of ZnO decreases. At the same time, ε and
δ values increase with increasing Mo-dopants in the host ZnO material. The value of δ
determines a defect density in a crystal, which arises due to misregistration of the lattice in
one segment of another crystal section. Khalid Umar et al. (2015) observed similar results
on Mo and Mn-doped ZnO and their electrocatalytic activity studies, and the possible
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reason for decreasing crystallite size discussed as the addition of dopant may hinder the
growth of ZnO particles [35].
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Figure 1. XRD patterns of pure and Mo-doped ZnO nanoparticle samples. 
Figure 1. XRD patterns of pure and Mo-doped ZnO nanoparticle samples.

Table 1. The structural parameters of the pure and Mo-doped ZnO nanoparticles.

Sample 2θ FWHM d-Spacing a, (nm) c, (nm) D, (nm) ¦Å×10−3) δ (×10−15)

ZNCM-1 (0 wt% Mo) ZnO 36.316 (101) 0.3738 2.47177 3.2445 5.1979 23.37 5 1.831
ZNCM-2 (0.001 wt% Mo) ZnO 36.338 (101) 0.3789 2.47035 3.2425 5.1956 23.06 5 1.881
ZNCM-3 (0.01 wt% Mo) ZnO 36.262 (101) 0.4800 2.47531 3.2494 5.2038 18.2 6.4 3.019
ZNCM-4 (0.1 wt% Mo) ZnO 36.303 (101) 0.4800 2.47263 3.24523 5.2017 18.2 6.4 3.019

Mo5O14 32.484 (601) 0.5200 2.75408 23.0115 3.9571 16.63 7.8 3.616
ZNCM-5 (0.5 wt% Mo) ZnO 31.773 (100) 0.4399 2.81406 3.2494 5.2038 19.62 6.7 2.597

Mo5O14 32.570 (601) 0.4144 2.7470 22.8809 3.9334 20.87 6.2 2.296
ZNCM-6 (1.0 wt% Mo) ZnO 31.945 (100) 0.5836 2.79931 3.2323 5.1795 14.8 8.9 4.565

Mo5O14 32.708 (601) 0.3600 2.7357 23.0176 3.9108 24.03 5.4 1.732

3.2. SEM Studies

The microstructure of prepared nano samples is displayed in Figure 2. All the mi-
crostructures exhibit highly agglomerated and soapy porous structures. The reason for this
kind of structure is released out of the reaction mixture during combustion. Upon increas-
ing dopant concentration, the size of the nanoparticles is reduced from 177, 168, 165, 154, to
135 nm for the samples ZNCM-1, ZNCM-2, ZNCM-3, ZNCM-4, to ZNCM-5, respectively.
The same results were observed in the earlier reports [35–38]. There is a remarkable change
in the microstructure of 1 wt% of Mo-doped ZnO sample (ZNCM-6) instead of having
nanoparticles. This could be due to the occupation of Mo- in the additional interstitial site
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of ZnO [35–40]. Petronela Pascariu et al. [41] reported platelet structured microparticles of
diameters between 4 and 5 µm for molybdenum oxide. In the present study, the microstruc-
ture of ZNCM-6 exhibits a nanoflakes structure. The observed nanoflakes are typical of
the order of 300 nm few µm. It was observed that the specific surface area of Mo-doped
ZnO samples increases slightly with increasing Mo concentration, which may be due to
a decrease in D-values. Due to the large surface area, these samples are suitable for the
electrocatalytic activity of ZnO by adsorption of a dye [39,41]
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3.3. Diffuse Reflectance Analysis of Mo-Doped ZnO Nanostructures

The Optical Diffuse Reflectance (ODR) spectroscopy is a specialized optical technique
for determining the electronic structure of nanostructured materials. Reflection from
the loaded samples generated by diffuse illumination is well studied because of its non-
destructive nature and ability to generate a mirror-like reflection from loaded samples.
To determine the optical bandgap and absorption coefficient of semiconducting material,
the ODR technique is used. ODR of undoped and Mo-doped ZnO nanoparticle samples
as a function of light wavelength in the range of 200–800 nm are shown in Figure 3.
To summarize, the optical bandgaps are produced by the absorption of light through
the nanomaterial; the optical energy band gap was calculated using the Kubelka–Munk
model [42], which is as follows:

F(R) =
(
1− R2)

2R
(4)

where F(R) is the Kubelka–Munk function, and R is the absolute reflectance. The absorption
coefficient (α) is calculated by the following equation [21,22]:

α =
absorbance

t
=

F(R)
t

(5)

where t is the height of the sample holder, which is equal to 2 mm, and the optical bandgap
(Eg ) is calculated from the following equation:

αhϑ =

(
(F(R)hϑ)

t

)n
= A

(
hϑ− Eg

) n (6)
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where h is the photon energy, ¦Ô is the photon frequency, h is Planck’s constant, and A
is the band tailing factor, has values ranging from 1 × 105 to 1 × 106 cm−1·eV−1. The
optical transition (n) values equal 1/2 for the direct bandgap, and the plots (optical band)
are shown in Figure 4. The reflectance spectra of all samples were found to be identical in
the wavelength range of 200–370 nm. The optical bandgap of the samples was revealed
by a sharp increase in the ODR spectra between 370 and 410 nm. In the visible region of
410–800 nm, all ZnO nanoparticles have a high reflectance. ZNCM-1, ZNCM-2, ZNCM-3,
ZNCM-4, ZNCM-5, and ZNCM-6 have estimated band gap values of 3.261, 3.259, 3.252,
3.256, 3.246, and 3.235 eV, respectively. E.g., values decrease as Mo-doping concentration
increases, which could be due to new energy states between the valence and conduction
bands. C. Aydn et al. [43] obtained comparable results for sol-gel prepared ZnO: Fe
nanoparticles. ZnO nanoparticles have high reflectance values in the visible region that
decrease as dopant concentration increases, indicating that these samples are suitable for
electrocatalytic applications under visible light irradiation. Similar decreasing band gap
values were observed by Peyman Gholami et al. (2019) [44] on biochar-supported ZnO
nanorods in the degradation of Gemifloxacin.
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3.4. Raman Spectroscopy of Mo-Doped ZnO Nanostructures

Figure 5 depicts the Raman spectra of pure and Mo-doped ZnO samples. Wurtzite ZnO
is an associate of the C6V (P63mc) space group, and its possible vibrational modes [6,37]
include U opt = A1 + 2B1 + E1 + 2E2. A1, E1, and E2 are Raman active, while B1 is Raman
prohibited. The Raman peaks are observed at 95cm−1, 328, 431, 808, 843, and 903 cm−1,
corresponding to E2 low, E2H–E2L, E2 high, E2 low + A1 (TO), E2 high + A1 (TO), and A1
mode, respectively. These findings corroborated previous findings [7,45–49]. A1 and E1
are polar modes that are both infrared and Raman active, whereas E2 is non-polar and
only Raman active. E2 high is the peak at 431 cm−1. Wurtzite ZnO’s characteristic peak
indicates good crystallinity [50]. The intensity of the E2 high mode decreases as dopant
concentration increases, whereas the intensity of the A1 mode increases.

3.5. FT-IR Spectroscopy of Mo-Doped ZnO Nanostructures

The types of bonds and functional groups present in pure and Mo-doped ZnO samples
were investigated using FTIR spectra. Figure 6 depicts the FTIR spectra of pure and doped
ZnO nanoparticle samples. Zn–O stretching vibration is responsible for the peak at around
440 cm−1. Earlier researchers [51,52] reported characteristic peaks for MoO3 at 553, 876,
995, 1630, and 3445 cm−1. In the current study, we found one such peak at 809 cm−1, and
the intensity of this peak increases as dopant concentration increases. Peaks at 1462 and
1675 cm−1 have previously been observed for ZnO nanoparticles and are attributed to
asymmetrical and symmetrical stretching of the carboxylate group [53]. The stretching
and bending vibrations of surface hydroxyl groups on ZnO were assigned to the peak at
around 3280 cm−1. The intensity of this peak increases as dopant concentration increases.
These results agree well with the XRD results. The surface area of Mo-doped ZnO samples
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increases, resulting in more hydroxyl groups on the samples’ surfaces. The Hydroxyl group
is important in dye decomposition because it transfers photogenerated holes (h+) to an OH
radical [54].
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3.6. Dielectric Properties of Mo-Doped ZnO Nanostructures

The dielectric response of the ZnO nano is typically high compared to bulk materials.
A surface with a large volume can produce micro-porosities, dangling bonds, and vacancy
clusters. All these defects can alter the space charge distribution present in the sample.
The electric field’s positive and negative poles attract negative and positive space charge
distributions in interfaces. The dipole moments are created when trapped at the defect
site because the volume percentage of nano-size sample interfaces is more significant
than bulk materials. Because of these essential properties of nanostructured material, the
dielectric constant (ε1), dielectric loss (tanδ), and total AC electrical conductivity (σAC.Total)
for pure and Mo-doped ZnO nanomaterials in the range of 1 MHz–10 MHz are illustrated
in Figure 7a–c, respectively, using the following equations [47,48]:

ε1 =
C× l

ε0 × A
(7)
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ε2= tan δ× ε1 , (8)

σAC.Total =
l

Z× A
, (9)

where the real part of the dielectric constant is ε1, and the imaginary component is
ε2. A represents the electrode area, tan δ represents the loss tangent, C, l, and Z represents
the sample capacitance, thickness, and impedance.

σAC. Total = σDC + Bωs, where σAC = Bωs (10)

The σDC denotes direct current conductivity, B is a constant, ω is the angular frequency,
and s is a frequency exponent. The dielectric constant of the present samples decreased
with increasing frequency and became saturated at higher frequencies (Figure 7a). The
decreasing dielectric constant is explained as a high frequency, and the dipoles do not
change in response to changes in the field variations. The decrease in dielectric constant
values is caused by interfacial polarization/grain boundaries [40,41]. At lower frequencies,
the dielectric constants of ZNCM-1, ZNCM-2, ZNCM-3, ZNCM-4, ZNCM-5, and ZNCM-
6 are in the 40–48 range. The dielectric constant is frequency-dependent throughout
the frequency range. It rises dramatically as the Mo content increases and stabilizes at
high frequencies without significant change, allowing current samples to be used for
various microwave device applications [46,55]. The frequency dependence of the dielectric
loss with various concentrations of Mo is shown in Figure 7b. The dielectric loss also
follows the same trend as the dielectric constant. It decreases with doping concentration at
lower frequencies, indicating the dispersion phenomenon. It is worth mentioning that the
dielectric constant and loss are purely dependent on Mo-doping concentration, suggesting
that present samples found huge applications in microelectronic, sensors, and memory
device applications. The electrical conductivity (σAC) gives a different Mo concentration
with frequency variation, as shown in Figure 7c. From the figure, the conductivity is
increasing with increasing frequency. The increase in conductivity suggests the clear
influence of Mo doping in ZnO nanoparticles.
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3.7. Kinetic Study of Electrocatalysis of RhB of Mo-Doped ZnO Nanostructures

The electrocatalysis (EC) degradation of RhB dye was thoroughly investigated as a
model organic species for the ZNCM electrode. To encourage charge carrier transfer via
the external circuit, a voltage of 10 V was applied between the photoanode and cathode in
the single-cell reactor. The data collected and recorded throughout the degradation show a
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decrease in organic species absorbance with reaction time, indicating decreased organic
species concentration. In the presence of seven different ZNCM samples, EC degraded RhB.
As shown in Figure 8, EC degradation of RhB was consistent with previously reported
pseudo-first-order kinetics [53,55,56].

ln(A/Ao) = −kt (11)
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The degradation efficiencies were computed using the relationship shown below [57]:

% of degradation = (Ao − At/Ao) × 100% (12)

The initial absorbance is Ao. At is the absorbance at various time intervals is At, K is
the rate constant value, and the reaction time is t. In the electrocatalytic reaction, a drop in
the height of the absorbance peak at 525 nm wavelength was recorded with an increase
in reaction time, providing a degradation efficiency of about 97 percent within 7 min, as
shown in Figure 9. In the conduction band, excited electrons interact with electron acceptors
to produce reactive species. As a result, the accumulation of electrons at the conduction
band’s bottom may slow charge carrier recombination even more. As a result, charge
carrier separation is an excellent method for improving the electrocatalytic degradation
of RhB [58]. RhB deterioration results demonstrate rapid ZNCM-3 over 7 min, as seen in
Figure 9.
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Figure 9. The % of EC degradation of RhB in the presence of ZNCM nanoparticles.

3.7.1. Mechanism of EC of RhB in the Presence of ZNCM

A significant benefit of EC is the influence of electrical energy, which results in better
organic pollutant elimination efficiency [51]. Electrons are stimulated to the conduction
band by electric charge, whereas empty holes reside in the valence band. When photo-
generated holes interact with water molecules, they form powerful oxidants capable of
breaking down refractory organic structures. Hydroxyl radicals are the second most power-
ful oxidants after fluorine due to their high standard reduction potential (Eo OH/H2O) of
approximately 2.8 V [59,60]. Unfortunately, photogenerated holes have a short lifetime due
to their rapid recombination with electrons, a disadvantage in photocatalysis. However, in
EC, an applied bias potential helps push photogenerated electrons away from the anode
surface, extending the lifetime of generated holes [61]. Because current creates more holes,
more hydroxyl radicals can be generated inside the solution, causing organic molecules to
mineralize faster. Other reactive oxygen species are produced inside the reaction system,
and the holes and hydroxyl radicals attack organic compounds in EC, which contributes to
the mineralization of organic molecules. Superoxide radicals and hydroperoxyl radicals
are weaker oxidizing entities [62].

According to previous work, creating a gradient at the ZNCM surface efficiently iso-
lates generated charge carriers, according to previous work [63]. Electrons from the valence
band (VB) are stimulated to the conduction band after an electric path more significant
than the Eg on the ZNCM, leaving holes in the VB. During the degradation process, elec-
trons pass through the external circuit to counter electro, assisting in forming highly reactive
superoxide anion radicals (O2). The valance band holes oxidize water, producing OH radicals
interacting with organic contaminants to create a less harmful response. In the case of ZNCM
photocatalyst, the primary degradation species are O2 and generated holes (depending on the
bonding of the catalyst with the pollutant). The combined impact of electrocatalytic oxidation
processes influences ZNCM degradation performance.
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As previously mentioned, the following were the probable processes of RhB [64]
photodegradation utilizing ZNCM in the presence of EC as mentioned in Scheme 1 and the
following equations:

O2 + e−→−O2 (13)
−O2 + 2H+ + 2e−→H2O2 (14)

O2 + e−→−O2 (15)
−O2 + 2H+ + 2e−→H2O2 (16)

H2O2 + e−→OH + −OH (17)

(OH/−O2) + RhB→products (18)

(h+/H2O2) + RhB→CO2 + H2O (19)
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3.7.2. Comparison of PEC of RhB in the Presence of ZNCM with Previous Work

Table 2 compares electrocatalytic degradation of RhB in the presence of ZNCM to
other prior study samples, highlighting their contributions to the synthesis technique,
electrocatalytic conditions, and RhB concentration under consideration. It was discov-
ered that ZNCM-3 has the highest electron degradation of RhB, with a 0.4 min−1 rate
of degradation and 100% degradation in 7 min. Nabil et al. [65] found that CoFe2O4
thin films electrochemically degraded an aqueous solution of rhodamine B (RhB) at a
rate of 99 percent within the first three minutes of reaction time. The trapping studies
revealed that the dominant active species were hydroxyl radicals, which resulted in the
rapid elimination of RhB at an initial concentration of 10 mg/L. Ali et al. [66] investigated
the electrochemical oxidation of Rhodamine B dye (RhB) on DSA and SnO2 electrodes as
active and non-active electrode models. They discovered that by using the DSA electrode in
a NaCl 0.05 mol L1 + Na2SO4 0.1 mol L1 solution as a supporting electrolyte, they could
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achieve 100% color removal after 90 min of electrolysis. In various operating condi-
tions, DSA outperformed SnO2 and was shown to be more cost-effective and efficient.
Zhao et al. [67] concluded that using ZnWO4 films as an anode resulted in a significant
synergetic effect in rhodamine B (RhB) degradation via simultaneous electro-oxidation
and photocatalysis. They discovered that RhB degradation follows the pseudo-first kinetic
equation at bias potentials of 1.0, 1.5, and 2.0 V. The respective rate constants are 0.022,
0.026, and 0.138 hr−1. Furthermore, as the bias increases, the rate of RhB degradation slows.
There is almost no deterioration of RhB after the first hour at 3.5 V.

Table 2. The calculated data of rate constants of electrocatalytic degradation of Rhodamine B in the
presence of ZNCM prepared samples with the previous work.

Samples Synthesis Method Dye Concentration K, (min−1) % Removal Refs.

ZNCM-1 (0 wt% Mo) Combustion method Rhodamine B (50 mgL−1) 0.2671 97% after 15 min

Pr
es

en
tw

or
k

ZNCM-2 (0.001 wt% Mo) Combustion method Rhodamine B (50 mgL−1) 0.29064 98% after 15 min
ZNCM-3 (0.01 wt% Mo) Combustion method Rhodamine B (50 mgL−1) 0.40605 100 % after 7 min
ZNCM-4 (0.1 wt% Mo) Combustion method Rhodamine B (50 mgL−1) 0.31455 98 % after 15 min
ZNCM-5 (0.5 wt% Mo) Combustion method Rhodamine B (50 mgL−1) 0.32801 97% after 15 min
ZNCM-6 (1.0 wt% Mo) Combustion method Rhodamine B (50 mgL−1) 0.21218 96% after 15 min

CoFe2O4 Electrodeposition Rhodamine B (10 mgL−1) 99% after 3 min [65]
Ti/RuO2-IrO2 DSA (De Nora Company) Rhodamine B 100% after 90 min [66]

ZnWO4 Dip-coating Rhodamine B (5 mgL−1) 0.0023 after 60 min [67]
Ca10(PO4)6(OH)2 Electrodeposition Rhodamine B (5 mgL−1) 0.0399 98 % after 105 min [68]
Zn3(PO4)2·4H2O Electrodeposition Rhodamine B (30 mgL−1) 90 % after 10 min [69]

TiO2-NTs/Ce-PbO2 Electrodeposition Rhodamine B (30 mgL−1) 90 % after 10 min [70]

BiVO4/TiO2
Sol-gel and

Rhodamine B (10 mgL−1) 93.9 % after 5 h [71]hydrothermal

Furthermore, Ahmed et al. [68] electrodeposited hydroxyapatite Ca10(PO4)6(OH)2 on
stainless-steel substrates in aqueous solutions of calcium nitrate tetrahydrate and dihy-
drogen phosphate using the chronopotentiometry mode. They discovered that at time
t = 105 min, the ratio Ct/Co decreases by 17% for a current density of 5 mA/cm2 and by
98% for a current density of 30 mA/cm2. A pseudo-first-order kinetics rule guided the
degrading mechanism. Chennai et al. [69] discovered that Zn3(PO4)2H2O films (hydrated
zinc phosphate, abbreviated h-ZP) are electrodeposited on different substrates and used as
active anodes to electrode grade (RhB). It should be noted that after 12 min, the h-ZP/FTO
electrodes have 90% RhB degradation. Qin Li et al. [70] developed cerium-doped lead
dioxide (TiO2-NTs/Ce-PbO2) that degrades RhB 90 percent in 10 min. Wang et al. demon-
strated improved electrocatalytic rhodamine B dye degradation [71]. The heterojunction
was created using the sol-gel and hydrothermal methods. After a 5 h reaction time with
an applied potential of 4.0 V, the degradation efficiency for eliminating rhodamine B dye
was 93.9%.

4. Conclusions

In conclusion, pure and Mo-doped ZnO nanoparticles were prepared via the com-
bustion route. With increasing Mo-dopant concentration, D-value of ZnO decreased. The
microstructure of these samples exhibits a highly agglomerated and soapy porous struc-
ture. The ZnO nanoparticles exhibit high reflectance values in the visible region. The
reflectance values of these samples decrease with the increase in dopant concentration.
ZNCM-1, ZNCM-2, ZNCM-3, ZNCM-4, ZNCM-5, and ZNCM-6 have estimated band gap
values of 3.261, 3.259, 3.252, 3.256, 3.246, and 3.235 eV, respectively. Eg values decrease
as Mo-doping concentration increases. At lower frequencies, the dielectric constants of
ZNCM-1, ZNCM-2, ZNCM-3, ZNCM-4, ZNCM-5, and ZNCM-6 are in the 40–48 range.
In the case of ZNCM photocatalyst, the main degradation species are O2 and generated
holes (depending on the bonding of the catalyst with the pollutant). The combined impact
of electrocatalytic oxidation processes influences ZNCM degradation performance. The
dielectric constant is frequency-dependent throughout the frequency range. ZNCM-3 was
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a promising nanoparticle in EC of rhodamine b with 0.4 min−1 exhibited 100% degradation
in 7 min.
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