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Abstract

Over the past few years, there has been a significant focus on studying the synthesis
and applications of metal nanoparticles. These tiny particles possess distinct
properties that set them apart from bulk metals. The liquid for Cr:Se core-shell
nanoparticles was made using the plasma jets method and turned into thin films that
are 158.9 nm thick through chemical spray pyrolysis. The nano thin films were
analyzed using X-ray diffraction (XRD), ultraviolet-visible spectroscopy, and
transmission electron microscopy (TEM). This study looks at the structure and light
properties of core-shell nanoparticles made with a chromium to selenium (Cr:Se)
ratio of 6:4. The XRD patterns confirmed the crystalline nature of the nanoparticles
for the polycrystalline ratio (6:4). When the best thin film, which is well-crystallized,
is exposed to non-thermal plasma (dielectric barrier discharges (DBD)), the XRD
shows important changes, suggesting it is becoming more crystalline. Tauc plots
show that the direct bandgap energies change in a non-linear way, with a notable
increase in energy from 2.77 to 3.88 eV. Transmission electron microscopy analysis
highlights improved nanoparticle distribution and uniformity. These findings point
out the importance of Cr:Se nanoparticles for advanced optoelectronic and sensing
technologies, as well as various technological applications.
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1. Introduction

Metal nanoparticles have attracted significant attention in recent years due to their
unique structural [1], optical, and electronic properties, which are highly tunable based
on their composition, size, and synthesis methods [2, 3]. Among these nanoparticles,
chromium-selenium (Cr:Se) nanoparticles stand out for their potential applications in
optoelectronics, sensing, and catalysis [4]. The ability to manipulate their structural and
electronic characteristics through controlled synthesis and post-synthesis treatments
makes them promising candidates for advanced technological applications [5]. Various
methods have been explored for synthesizing of chromium-selenium nanoparticles,
including physical and chemical methods. Sobhani and Salavati-Niasari used a
hydrothermal method with specific precursors and reducing agents [6], while Abdelouas
et al. reported the use of the protein cytochrome c-3 to produce selenium nanowires [7].
Liu et al. prepared selenium nanoparticles using a reverse micro emulsion system [8].
Shin et al. synthesized selenium nanoparticles on cellulose nanocrystals [9]. These studies
collectively demonstrate the potential for diverse methods in the production of chromium-
selenium nanoparticles. Kuzmiak et al. [10] and Hohenester and Trugler [11] explored
the surface Plasmon resonances (SPR) in metallic nanoparticles, with the former focusing
on the transmittance characteristics of nanoparticles and the latter developing a method
to calculate the optical properties of these particles.

Plasma is an ionization gas made up of various particles, such as positive and
negative ions, electrons, atoms, molecules, radicals, and UV rays. It is commonly referred
to as the fourth state of matter [12].

This study focuses on the synthesis and characterization of Cr:Se nanoparticles with
different ratios of chromium to selenium (Cr:Se) of 10:0, 8:2, 6:4, and 0:10. The aim is

© 2025 The Author(s). Published by College of Science, University of Baghdad. This is an open-access
article distributed under the terms of the Creative Commons Attribution 4.0 International License
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to optimize the thin film for specific applications in optoelectronics and sensing
technologies.

2. Results and Discussion

Cr:Se core-shell NPS with different Cr:Se ratios (10:0), (6:4), (8:2) and (0:10) were
prepared by plasma jet. They were deposited on glass substrates using the chemical spray
pyrolysis. Using the technique of plasma jet, nanoparticles were synthesized efficiently
and quickly, offering numerous advantages, including low cost, environmental
friendliness, and no need for expensive equipment. This was done using a DC power
source with a high voltage between 20 and 25 KV, two electrodes made of stainless steel
(a tube and a sheet), argon gas, and a flow meter set to 3 liters per minute. In addition, the
electrodes and the air were connected to the power supply anode “terminal” and
positioned 1 cm above the liquid via a stainless-steel hollow metal tube about 3 cm long,
as shown in Fig. 1.
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Figure 1: The Experimental setup of Cr:Se NPs synthesis by plasma jet.

The chromium solution was prepared by chromium nitrate Cr(NOz)s. Chromium
nitrate of 400.15 g/mol molecular weight and 2mM concentration was added to the de-
ionized water dedicated beaker, and then water was added to the beaker as a catalyst to
mix chromium nitrate. To prepare selenium nitrate SeO(NO3)2 solution, a concentration
of 0.5mM selenium nitrate (molecular weight of 202.98g/mol.) was added to de- ionized
water dedicated beaker, and then water was added to the beaker as a catalyst to mixed
selenium nitrate Eq. (1) was applied to calculating the needed weight of each chemical
[13]:

mass

Concentration (mole) =

(D

molecular weight(ﬁ) xvolume(liter)
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2. 1. Core Shell Synthesis
Nanoparticles with a core and a shell were synthesized in a two-step process, as
shown in Fig. 2. The first stage included creating Cr NPs prepared by plasma jet for 17
min. Making the Se NPs shell that encase the Cr NPs core was the second stage. A variety
of methods were used to characterize the produced Cr:Se nanoparticles.

Figure 2: (a) Cir(NOg;)g, (b) synthesis NPs by plasma jet, (c) Cr NPS (10:0), (d) Se liquid add to
Cr NPs (e) Cr :Se NPs.

2. 2. Deposition Thin Films

As shown in Fig. 3, Cr:Se NPs liquid was deposited on the glass substrate by the
chemical spray pyrolysis method. The 2.5%2.5 cm glass substrates were first cleaned and
then dried. The liquid was prepared by plasma jet system for (6:4) Cr:Se ratio. The
substrates were heated with an electric heater to 275°C; a thermocouple was used to
measure the temperature. A spray device was used to create the thin films. This device
can control the flow of the solution by the valve of the sprayer nozzle orifice. The spray
duration was 5 s, and the stop time was 55 s., the distance between the sprayer and the
heater base was about 29 cm, and the air pressure was 3 bars. The films were created with
good consistency.
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Figure 3: General schematic diagram of the spray pyrolysis deposition process.
2. 3. Dielectric Barrier Discharge (DBD) Plasma Exposure

After preparing the solution and its deposition on the substrate by chemical spray
pyrolysis for Cr:Se ratio of (6:4), the structure and optical properties for core-shell thin
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films were studied. This was repeated after exposing the thin films to DBD plasma, as
shown in Fig .4.

Fire 4: esign FE-DBD ymfpoles.

3. Results and Discussion

X-ray diffraction analysis was carried out to investigate the structures of Cr:Se core-
shell nanoparticles thin films and determining the location of the peaks that appear to all
the films according to international card (JCPDS) for (Se and Cr). Fig. 5 shows the XRD
patterns of the Cr:Se core-shell nano thin films with different ratios of Cr:Se. XRD
patterns revealed that the crystals in the rhombohedral structure are inclined towards a
hexagonal poly crystalline arrangement. The XRD pattern for (6:4) Cr:Se NPs ratio
showed that this ratio is the perfect in relation to crystalline size. The 26 angle ranged
from 10 to 80 for core and shell after and before DBD plasma, as shown in Figs.5 and 6.
Before DBD, the pattern showed broad peaks of polycrystalline structure. The XRD
pattern after DBD treatment exhibited sharper peaks, suggesting a transition towards a
more crystalline structure. The peaks for Cr appear at 20 = 24.48, 33.76, and 36.5 assigned
to (012), (014), and (110) planes, respectively, according to ( JCPDS card no. 38-1479)
[14], and the peaks of Se at 20 = 29.7°, 41.4°, and 43.7° were confirmed to be the Se-
crystal planes of (101) (110), and (102), respectively, and the card no (JCPDS 98-002-
2251) was paired with these peaks [15], as shown in Table 1. This comparison highlights
the structural changes induced by the DBD process in Cr:Se nanoparticles thin films.
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Figure 5: XRD patterns of Cr:Se nanoparticles thin film with different Cr:Se ratios (10:0,

8:2, 6:4, and 0:10).
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Figure 6: XRD patterns of Cr:Se thin nanoparticles film with a (6:4) ratio, before and after
DBD.

The crystalline sizes were evaluated by the following Debye Scherrer ’s formula
[16, 17] and are given in Table 1:

KA
~ Bcose (2)
where: D is the crystallite size in nm, K is the Scherer's constant (0.9), A is the X-ray
wavelength in nm, and B is the full width at half maximum (FWHM) of the angles at
which the peaks occur in relation to Bragg's angle in radian. The crystalline size Cr:Se
nanoparticles of 6:4 was 31nm. These results show that the increase in intensity led to
decrease in crystal size. These results agree well with those of Dawood et al. [18].

Table 1: The structural parameters of Cr:Se (6:4) thin films before and after DBD plasma.
Type of 20 FWHMX C.S

core-shell phase (degree) | (degree) hkl (nm) card No.

CrO3 | 24.48 0.219 |012| 38 38-1479

Crse Cr,0;3 | 33.76 0.3237 | 014 | 26 38-1479

Be fore Cr:O3 | 36.58 0.16716 | 110 | 52 38-1479
DED Se 29.7 0.1968 | 101 | 43 98-002-2251
Se 41.4 0.2647 |110| 33 98-002-2251
Se 43.7 0.1368 | 102 | 65 98-002-2251

CrO3 | 24.48 0.2235 | 012| 38 38-1479

CrSe Cr,0O3 | 33.72 | 0.338707 | 014 | 25.61 38-1479

Aﬁer Cr:O3 | 36.56 0.332 | 110 | 26.33 38-1479
DBD Se 2305 0.1668 | 100 | 50 98-002-2251

Se 29.7 0.23458 | 101 | 36 98-002-2251
Se 41.4 0.30123 | 110 ] 29 98-002-2251

The TEM images provide a comparative analysis of the optimized Cr:Se
nanoparticles before and after DBD treatment. In the first set of images, depicting the
nanoparticles before DBD treatment, the nanoparticles appear to be aggregated with
irregular shapes and varying sizes. The images (a) - (b) show clusters of particles with
some degree of dispersion, but overall, the nanoparticles seem to form larger, denser
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clusters, indicating less uniformity and potential agglomeration. In contrast, the second
set of images, taken after DBD treatment, shows a notable change in the morphology and
dispersion of the nanoparticles. Post-DBD treatment, the nanoparticles are more evenly
distributed and exhibit a more uniform size and shape. Images (c) - (d) reveal that the
DBD treatment has resulted in a more homogeneous dispersion with fewer large
aggregates. The nanoparticles appear to be better separated and more distinct, suggesting
that the DBD treatment has effectively modified the surface properties of the
nanoparticles. This comparative analysis indicates that DBD treatment significantly
improves the morphological characteristics of Cr:Se nanoparticles, leading to enhanced
dispersion and uniformity. These improvements are likely responsible for the observed
increase in electrical conductivity and stability in the treated nanoparticles, as better-
dispersed nanoparticles provide more effective charge transport pathways.

.. | (d)
Figure 7: TEM images of the Cr:Se nanoparticles thin film a,b) before DBD c,d) after DBD
treatment.

Fig. 8 shows UV-Vis absorption spectra of Cr:Se nanoparticles thin film with
different Cr:Se ratios. The absorption of materials is affected by several factors, such as
material type, wavelength of incident radiation and the thickness of the film [19].
Absorption was measured as a function of wavelengths based on thetransmittance
spectrum within the range 300-1100 nm for the Cr:Se core-shell nanoparticles films for
all ratios (10:0,8:2,6:4,0:10). The results showed that the absorption was reduced as
wavelength increased due to decrease of the photon energy and inability to make electrons
move from the valence band to the conduction band. That is, the relationship between
wavelength and photon energy is inverse. The absorption values begin to decrease after
exposure to non-thermal plasma at 5s with increasing wavelength because the energy gap
after DBD plasma increases, decreasing absorption, as shown in Fig. 9. Fig. 10 presents
Tauc plots according to [20]:

ahv = Bo (hv — Egopt)" (3)
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Figure 8: UV-Vis absorption spectra of Cr:Se nanoparticles thin film with different
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Figure 9: UV-VIS absorption spectra of (6:4) Cr:Se nanoparticles before and after DBD
plasma.

where: a denotes the absorption, h is Planck's constant, v is the incident photon
frequency, B, denotes a constant about 0.9, Egopt denotes the optical energy gap, and r is
a value depends on the nature of the transition type. The direct bandgap energies of Cr:Se
nanoparticles with varying ratios of (10:0), (8:2), (6:4), and (0:10) were determined from
these plots. Fig. 10(a) shows the plots for Cr:Se NPs with a (10:0) ratio, exhibiting a direct
bandgap energy of 3.37 eV. Fig. 10(b) illustrates the plots for NPs with (8:2) Cr:Se ratio,
where the direct bandgap energy increases to 3.6 eV. Fig.10(c) is the plot of NPs with a
(6:4) Cr:Se ratio, which shows a direct bandgap energy of 2.77 eV. This decrease is
because of defects and the reduction in chromium, while Fig. 10(d) presents the NPs with
a (0:10) Cr:Se ratio, which has a direct bandgap energy of 2.78 eV.

The optical energy gap is an important parameter in studying the properties of films
and determining their possibility of using them in gas or humidity sensors. The energy
gap gives a clear idea of the optical absorption. The films are transparent to radiation
when the incident energy is less than the energy gap (hv<Eg), absorption occurs when
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the incident radiation has a larger energy than the energy gap (hv>Eg). The Cr:Se is a
semiconductor with a direct band gap. The optical energy gap for Cr:Se core-shell
nanoparticles thin films deposited on glass substrates was calculated for the permissible
direct electronic.
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Figure 10: Tauc plots for determining the direct bandgap energies of (Cr:Se) nanoparticles
thin film with different Cr:Se ratios: (a) (10:0), (b) (8:2), (c) (6:4), and (d) (0:10).

These results indicate that the bandgap energy of Cr:Se NPs is significantly
influenced by the Cr:Se ratio. The bandgap decreases as the ratio moves from 10:0 to 6:4,
reaching its lowest 2.77 eV, at the 6:4 ratio 2.77 eV, and then slightly increases at the
0:10 ratio 2.78 eV. This non-linear trend suggests that the electronic structure and the
resultant bandgap energy of the Cr:Se NPs depend highly on the relative concentration of
chromium and selenium. Specifically, higher chromium content (as in 10:0 and 8:2 ratios)
results in higher bandgap energies, while increasing selenium content reduces the
bandgap energy to a certain point [21]. A large bandgap generally indicates a lower
intrinsic carrier concentration at room temperature, impacting the conductivity and carrier
mobility of the material. In summary, the DBD treatment has resulted in a substantial
increase in the direct bandgap energy of Cr:Se nanoparticles, significantly altering their
electronic and optical properties and potentially improving their performance in specific
technological applications, as observed in the 6:4 ratio. This could be due to changes in
the crystal structure and defect states. The energy gap of Cr:Se nanoparticles of 6:4 ratio
increased after exposure to non-thermal plasma at 5 s from 2.77 to 3.88 eV, as shows Fig.
11. The increase in the energy gap is due to the effect of the non-thermal plasma on the
thin film causing many changes in structures, also it leads to the reduction of the
impurities in the thin film.

A hygrometer is a device used to measure humidity. Hygrometers come in analog
and digital versions, but modern digital hygrometers are more accurate. The resistance
variation of the (Cr:Se) (6:4) sensor, before and after DBD as a function of humidity is
shown in Fig. 12. It is evident for both cases, that by increasing the relative humidity
(RH) from 50 to 97% RH, the resistance decreases from 29.25 to 24.86 MQ and from
1.851 to 1.833 MQ for as prepared and plasma treated samples. This decrease in
resistance is due to the water physisorption processes on the entire porous structure of the
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sample surface as water layers. The increase in charge carriers and H* ions on the sample
surface is responsible for the decrease in resistance based on Von Grotthuss mechanism.
The von Grotthuss mechanism provides a detailed explanation of proton mobility in
hydrogen-bonded liquids like water. The proton hopping along hydrogen-bonded chains
accounts for the high proton conductivity observed in these systems [22].
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Figure 11: Energy bandgaps of Cr:Se NPs thin film with a (6:4) ratio before and after
DBD plasma.
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Figure 12: Relative humidity (%) of Cr:Se NPs thin film with a (6:4) ratio for both after and
before DBD treatment.

The resistance of sensor does not immediately return to its original value after
reducing humidity. This delay results in a hysteresis loop during adsorption and
desorption cycles [23]. The rate at which water molecules adsorb and desorb from the
sensor's surface varies according to the surface nature. For the plasma treated samples,
the nature of the sensor surface changes significantly. Plasma treatment can modify
surface hydrophobicity or hydrophilicity, which directly impacts the adsorption and
desorption of water molecules, which affects how water molecules interact with the
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sensor's surface. A more hydrophobic surface may repel water molecules, affecting the
adsorption process differently than a hydrophilic surface [24, 25]. Plasma treatment also
increases the surface area and the number of active sites available for adsorption. This
can enhance the initial adsorption process but also complicate the desorption, as more
water molecules are trapped in these active sites. So, the final hysterias shape of the
plasma treated sample is more suitable for humidity sensing [26].

The humidity sensitivity Sz % was determined according to Eq.4 [27]

Srn% = M X 100% (4)
RH

where: Rc, is the resistance of the sample at the started point of 50 RH humidity, and Rz

is the sample resistance at each RH level. The humidity sensing of the (Cr:Se) (6:4)

sensor, before and after plasma exposure as function of humidity is shown in Fig. 13. It

appears that the sensitivity improved from 1 to 17.7% at 97% RH after the plasma

treatment.
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Figure 13: Humidity sensing variation of the Cr:Se sensor with humidity.

4. Conclusions
The results concluded that it is possible to manufacture thin films with a Cr:Se
core-shell nanostructure using chemical synthesis. The XRD analysis revealed that the
crystallinity increases when exposed to DBD plasma. The TEM measurements validated
the core-shell structure of the sample. The expansion of the energy gap from 2.77 to
3.88 eV has confirmed the formation of the Cr:Se core-shell structure. Based on the
findings, core-shell nanoparticles are promising for use in sensors and the medical field.
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